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PREFACE 


Be* many years there has been much controversy among the local interests concerned 

as to the possible effects of the construction of artificial works, such as canals and 
docks, and of the discharge of large volumes of untreated sewage on the deposition of solid 
matter in the Estuary of the River Mersey and on the conservancy of the river. During 
the past fifty or sixty years there has been a great increase in the volume of untreated sewage 
discharged direct into the Estuary, and the opinion has been expressed that the presence of 
the sewage increases the rate of sedimentation of solid matter from the waters of the Estuary 
and alters the character of the deposit in such a way that it is more difficult to remove by 
dredging. This expression of opinion led to many discussions and was the basis of opposition 
_ to several Bills promoted by Merseyside Local Authorities. 


Arising from the report of the Select Committee of the House of Lords on the Bill 
é promoted in the Parliamentary Session of 1927 by the Corporation of Birkenhead, there 
were numerous conferences of representatives of the local interests particularly concerned. 
As a result of these conferences the various interests agreed to co-operate in arranging for an 
independent, scientific investigation and report upon the effect of the discharge of crude 
sewage into the Estuary on the amount and hardness of the deposit in the Estuary. In 
reaching this decision to co-operate in obtaining an authoritative pronouncement on the 
scientific facts, the Merseyside Authorities and Companies set an excellent lead which might 
well be followed by others in dealing with controversial problems affecting many interests. 


In 1932 the co-operating Authorities and Companies invited the Department to undertake 
the investigation. This invitation was accepted and the work was placed under the Water 
Pollution Research Board. A River Mersey Committee of the Board was appointed to draw 
up a detailed programme of investigation and to supervise the work, which was begun in 
April, 1933, and was completed during 1937. The whole of the cost has been met by the 
co-operating Authorities and Companies. 


This Report—Water Pollution Research Technical Paper No. 7—describes the experiments 
and observations made and the results obtained. A summary of the report and the conclusions 
are given in the paragraphs numbered 1 to 37 on pages 1 to 15. 


Dr. B. A. Southgate was in local charge of the work at Liverpool throughout the 
investigation, and he was in charge of the observations and experiments made on other rivers 
and estuaries for purposes of comparison with the Estuary of the Mersey. He was assisted 
in the chemical work by Dr. E. V. Mills, Dr. G. W. Chapman and Mr. E. W. Mitchell, and 
during the last year also by Mr. S. R. Swift, M.Sc. The hydrographic surveyors on the staff 
were Lieut. W. R. Colbeck, R.N.R. (April, 1933, to June, 1934), Lieut.-Commander C. Simpson, 
R.N. retd. (July, 1934, to 1937), and Mr. D. A. Collins. Commander J. Taylor, R.N. retd., 
and Lieut.-Commander E. V. Baker, R.N. retd., also assisted in the hydrographic work during 
the last year. Mr. R. Bassindale, M.Sc., made the biological observations described in 
Chapter V and assisted in other branches of the scientific work. 


Mr. F. O. Stanford, O.B.E., M.Inst.C.E., Consulting Civil Engineer, was engaged specially 
to study the methods adopted in the periodic hydrographic surveys of the Estuary during 
the period 1861 to 1931, and to examine the data obtained from these surveys. A large part 
of Chapter XXI of this report is based on Mr. Stanford’s report on his work. 


Throughout the investigation the co-operating Authorities and Companies have all 
assisted in every possible way by supplying information, granting facilities for the examination 
of any relevant records and reports in their possession and providing facilities for the collection 
of samples of sea water, sewage and solid matter. The Mersey Docks and Harbour Board, 
through their General Manager, Sir Lionel A. P. Warner, with their vast store of information 
derived from systematic surveys and dredging operations over a long period, were particularly 
helpful. Captain F. W. Mace, O.B.E., Marine Surveyor, and Mr. T. L. Norfolk, M.Inst.C.E., 
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1V 
Engineer, of the Docks and Harbour Board, and their staffs gave much of their time in 
explaining the records and the methods adopted in the surveys and in the dredging operations. 
Without this valuable assistance, which is much appreciated by the Department, the investiga- 
tion would have lasted longer and could not have been so comprehensive. 


In addition to the acknowledgments already made, the Department wishes to express 
appreciation of the valuable assistance rendered in various ways by other local authorities, 
organisations, industrial undertakings and individuals in the Mersey area. The Liverpool 
Tidal Institute assisted in the consideration of tidal changes in the Estuary. Assistance in 
obtaining data on the flow of the principal rivers and tributaries was given by the Manchester 
Ship Canal Company, by the City Engineers of Manchester and Salford, by the Engineers 
of the Mersey and Irwell Catchment Board, the Cheshire Rivers Catchment Board, the River 
Alt Catchment Board, and the South Lancashire Rivers Catchment Board, and by several 
local authorities, who also supplied data on water supplies and discharges of sewage. The 
Upper Mersey Navigation Commission supplied charts and other information relating to the 
channels in the Upper Estuary and the Manchester and District Joint Town Planning 
Advisory Committee supplied a map showing the positions of the sewage disposal works in 
the area. Professor J. H. Orton gave useful advice on the biology of the Estuary. Samples 
of deposits were collected from the bed of the Irish Sea by the Hydrographic Department 
of the Admiralty and by the Lancashire and Western Sea Fisheries Committee; these samples 
were useful for comparison with samples of mud collected in the Estuary. 


During the course of the investigation observations were made on a number of estuaries 
in various parts of the British Isles. In this work valuable advice and assistance were 
provided by the Government of Northern Ireland, the Government of the Irish Free State, 
the Fishery Board for Scotland, and the Navigation Authorities for the Estuaries of the Forth 
(Scotland) and the Rivers Dee (Cheshire) and Ribble (Lancashire). 


The Department also desires to acknowledge the assistance given by the Meteorological 
Office of the Air Ministry in furnishing data of the rainfall in the area draining to the Mersey 
Estuary. 


H.- T. CALYV isis 
Director of Water Pollution Research. 


DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL RESEARCH, 
16, Old Queen Street, 
Westminster, 
London, S.W.1. 


November, 1937. 
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ESTUARY OF THE RIVER MERSEY 


The Effect of the Discharge of Crude Sewage into the 
Estuary of the River Mersey on the Amount and 
Hardness of the Deposit in the Estuary 


INTRODUCTION, SUMMARY AND CONCLUSIONS 


INTRODUCTION 


1. The possible effects of various factors on the quantity and character of the 
solid matter deposited in the Estuary of the River Mersey have been under 
discussion for many years between the local interests concerned. For example, 
the subject was discussed at some length more than fifty years ago when the 
Manchester Ship Canal Bills were before Parliament. 


2. In the Parliamentary Session of 1927, the Corporations of Liverpool, 
Birkenhead, and Wallasey promoted Bills for the extension of their boundaries. 
These Bills were opposed by the Mersey Docks and Harbour Board, the Manchester 
Ship Canal Company, and Lever Brothers, Ltd., and in their Petitions against 
the Bills great stress was laid on the possible effect on the conservancy of the River 
Mersey and sea channels of the discharge into the River and Liverpool Bay of 
sewage and solid matter. 


3. In the report of the Select Committee of the House of Lords on the Bill 
promoted by the Corporation of Birkenhead, the opinion was expressed that 
it would be to the advantage of all parties interested in the River Mersey itself 
and of the localities situated on its banks and in its vicinity that an inquiry 
should be held on the question of the effect of the discharge of sewage into the 
River. Following this expression of opinion there were numerous discussions 
between representatives of the local interests particularly concerned. 


4. As a result of these discussions the Authorities and Companies whose 
names are set out in paragraph 5 agreed that it was desirable to obtain an 
independent investigation and report upon the effect of the discharge of crude 
sewage into the Estuary of the River Mersey on the amount and hardness of the 
deposit in the Estuary, which, for the moment at any rate, was the only question 
at issue between the parties. They also agreed to ask the Department to undertake 
the investigation. 


5. The request to the Department was made jointly, in April, 1932, by 
the General Manager and Secretary of the Mersey Docks and Harbour Board 
and by the Town Clerk of Liverpool on behalf of the following Authorities and 
Companies :— 

Mersey Docks and Harbour Board, Manchester Ship Canal Company, 
London Midland and Scottish Railway Company, Lever Brothers 
Limited, Weaver Navigation Trustees. 

County Boroughs .of Liverpool, Birkenhead, Bootle, Wallasey and 
Warrington. 

Municipal Borough of Widnes. 

Urban Districts of Bebington and Bromborough, Little Crosby (amal- 
gamated with the Great Crosby Urban District Council), Litherland, 
Runcorn, and Waterloo-with-Seaforth. 

Rural Districts of Runcorn, Warrington, Whiston, and Wirral. 
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6. The terms of reference accepted by the Authorities and Companies 
were :— 


“To investigate the effect of the discharge of crude sewage into the 
Estuary of the River Mersey on the amount and hardness of the 
deposit in the Estuary.” 


For the purpose of these terms of reference— 
‘Discharge of crude sewage into the Estuary included all sewage 
discharged below the highest point at which the Mersey is tidal. 
‘Deposit in the Estuary”’ included all deposits within the area under 
the jurisdiction of the Acting Conservator under the provisions of 
the Act 5 and 6, Vic. cap. cx. for better preserving the navigation 
of the River Mersey. 


”) 


7. The Authorities and Companies agreed that any Keports or other 
information in the possession of any of them should be available for the independent 
investigation of the Department on the understanding that before any statements 
were accepted they should be confirmed by evidence which the Department 
had fully and independently investigated. 


8. It was further agreed that the Mersey Docks and Harbour Board, 
together with the other Authorities and Companies associated with them, should 
bear one-half of the costs of the investigation and that the other half of the costs 
should be borne by the Local Authorities. 


9. In acceding to the request to undertake the investigation the Department 
stipulated, and the Authorities and Companies agreed, that on the issues of 
scientific fact the results of the investigation should be accepted as conclusive. 


10. Prior to the investigation it was suggested, during the consideration 
of Parliamentary Bills, that :— 


(i) The sewage in the water increases the settling rate of mud-forming 
materials which enter the upper basin from the sea or from other 
sources, and the deposition of mud on inter-tidal banks is thus 
increased. The properties of the mud are altered by the sewage, 
so that it is less easily eroded and is not subsequently washed out to 
sea. In consequence the tidal capacity of the upper basin is decreased, 
the volume of water passing through the sea channels in Liverpool 
Bay at every tide is reduced, and the reduction in scour leads to 
increased deposition of solid matter in the sea channels. 

(ii) Mud, contaminated with sewage, is deposited in the channels in 
Liverpool Bay where it causes difficulty in dredging by obstructing 
the suction tubes of sand-pump dredgers and by remaining in 
suspension in the dredger hoppers. 


11. The investigation, which was begun in April, 1933, has been directed 
solely towards answering the question set out in the terms of reference in 
paragraph 6. It has not been directly concerned, for example, with the effects 
of the discharges of sewage and trade wastes on the sanitary condition of the 
River and foreshores or on fisheries. 

12. As a first step in beginning the investigation, suitable accommodation 
was rented in the Dock Office, Liverpool, and before the end of May, 1933, the 
rooms were equipped for the laboratory experiments and for the preparation of 
charts and other office work. Two motor boats, specially designed and equipped 
for the investigation, were purchased. 

13. A detailed description of the investigation, which occupied about four 
years, is given in Chapters I to XXII. A summary of the results and conclusions 
is given in the following paragraphs 14 to 37. For convenience, the various 
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sections of the investigations are considered in the same order in the summary as 
in the detailed descriptions in Chapters I to XXII. Each paragraph of the 
summary includes a reference, in brackets, to the corresponding chapter in the 
detailed description; references to particular figures, tables and pages are also 
given. 


SUMMARY 


14. General Description of the Estuary (Chapter I). 


The Estuary of the River Mersey consists of three main parts :—(a) Liverpool 
Bay connected by (0) a straight deep channel known as the Narrows to (c) a large 
shallow tidal basin called in this Report the Upper Basin. The Narrows and upper 
basin are together known as the Upper Estuary (Map, Frontispiece). 


(a) Liverpool Bay is, in general, shallow and contains large areas of banks 
of sand, which are exposed at low water. The main navigable channel in the 
Bay has been increased in depth, especially on the Bar, by dredging operations 
carried on continuously since about 1890 by the Mersey Docks and Harbour 
Board. The material removed by the dredgers is dumped on selected sites in 
the Bay. At one time the navigable channel frequently changed its course but 
in recent years it has been stabilised by building revetments and training walls. 


(6) The Narrows is about six miles in length, has a minimum width of about 
three-quarters of a mile, and its maximum depth is more than 70 feet at low 
water. Along the banks of the Narrows there are extensive systems of docks 
and the most important towns of Merseyside. The bed of the Narrows is in 
some places rock and in other places consists of stones, shingle and sand. 

(c) The large tidal basin is about 23 miles in length from the Narrows to 
the point at which it receives fresh water from the River Mersey. It is, above 
Eastham, broad and shallow. Its maximum width is about 3 miles at Ince and 
the depth in the navigable channels above Eastham is only 1 or 2 feet at low 
water. At low water almost the whole of the upper basin, consisting of banks 
of sand and of mud, is exposed. At high tide the basin contains water which has 
entered through the Narrows from Liverpool Bay. The basin thus forms a 
reservoir which is replenished during the flood and discharges on the ebb through 
the Narrows and into the sea channels. The main channel through the upper 
basin is long and winding and frequently changes its position. These changes 
are sometimes brought about by erosion of the edge of the channel and sometimes 
by the tidal streams breaking through the banks so that the channel occupies 
another bed. Salt water, even at high water of spring tides, does not travel 
so far up as Warrington, but most of the water in the Upper Estuary at high 
water is of high salinity. There is a considerable amount of dredging in the 
Upper Estuary, mainly to keep open the navigable channel to the Manchester 
Ship Canal and the channels to the various docks. The Canal follows the Cheshire 
side of the upper basin from Eastham to a point above Widnes, whence it occupies 
a separate channel to a point 5 miles above Warrington. 


15. Discharges into the Estuary of Fresh Water, Sewage and Industrial Effiuents 
(Chapter IT). 


(a) Fresh water flows into the Estuary from a number of rivers and streams 
of which the River Weaver and the River Mersey, with its tributaries the Rivers 
‘Irwell and Irk, are the most important. Many of these streams receive sewage, 
sewage effluents and industrial effluents derived partly from water brought from 
outside the catchment area or from wells in the district. 

(6) Sewage, mostly untreated, and industrial effluents from areas with a 
total population of 1-4 million people are discharged direct into the Estuary. 
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(c) Estimates of the volumes of water carried by the rivers and streams 
and of the sewage and industrial effluents discharged into the Estuary have 
shown that the total volume from these sources averages rather more than 
1,000 million gallons per day of which 30 to 40 million gallons are crude sewage 
discharged direct into the Estuary (Tables 4 and 8). 


(d) It has also been calculated that the average quantity of organic matter 
discharged into the Estuary is equivalent to more than 100 tons of organic 
carbon per day; the rivers and streams carry about 20 tons per day, crude 
sewage accounts for more than 70 tons, tannery effluents carry about 13 tons 
and in addition there is organic matter in other wastes discharged into the 
Estuary (Table 11). 


16. Composition of the Estuary Water (Chapter III). 


(a) The salinity of the water of the open sea is about 34 grammes per 
1,000 grammes. In the Mersey Estuary, at high water of a spring tide, the salinity 
is approximately zero at Warrington, 23 at Widnes, and 32 at Rock Light; the 
corresponding values at low water are zero, 6, and 28. At high water of a neap 
tide the salinity at Widnes is about 1 and at Rock Light 30 grammes per 
1,000 grammes. At high water the Upper Estuary is filled with water with an 
average salinity, taken over a period of neaps and springs, of about 25 grammes 
per 1,000 grammes (Fig. 7). The salinities of samples taken at the same time and 
position but from different depths are always approximately equal; this indicates 
that the water flows at about the same speed at all depths. 


(>) If the Mersey Estuary were unpolluted the water would probably be 
nearly or wholly saturated with dissolved oxygen. In water polluted by industrial 
effluents and sewage, part of the dissolved oxygen is used in the oxidation 
of organic matter, and, although fresh oxygen is dissolved from the air, the 
concentration of dissolved oxygen falls below the saturation value. The lowest 
concentrations of dissolved oxygen in the Estuary of the Mersey occur at low 
water between Warrington and a point about 5 miles below Widnes, where the 
concentration is usually less than 10 per cent. of the saturation value and may 
fall to zero (Fig. 9). These values indicate the presence of a high concentration 
of polluting matter. At high water of a spring tide the dissolved oxygen concen- 
tration at Widnes is about 60 per cent. of the saturation value; the concentration 
rises to approximately 90 per cent. at Rock Light. Thus the greater part of the 
water in the Estuary contains 60 per cent. or more of the weight of dissolved 
oxygen required for saturation. 


(c) The concentrations of free and saline ammonia, of soluble organic carbon 
and of sulphide are highest between Warrington and Widnes, confirming the view 
that the concentration of polluting material is highest in this part of the Estuary 
(pp. 35-36). 


17. Distribution of Sewage after Discharge into the Estuary (Chapter IV). 


(a) The concentration of sewage in the Estuary has been estimated from 
a consideration of the salinity at different positions and from the relative volumes 
of sewage and fresh water discharged. It is estimated that at high water 
of a spring tide about one-third of the total volume of Estuary water contains 
sewage in an average concentration of about 0-4 per cent.; about one-third 
contains 0:6 per cent.; one-quarter, 0-8 per cent. and the remainder (6 per cent. 
of the total volume) between 1-1 and 2-3 per cent. of sewage. At low water 
of a spring tide nearly four-fifths of the total volume contains an average concen- 
tration of 0-8 per cent.; one-fifth contains 1-2 per cent. and the remainder 
(2 per cent. of the total volume), which consists of the water in the shallow reaches 
below Warrington, contains between 2:1 and 3-2 per cent. of sewage (Table 18). 
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Even including the polluting material discharged in fresh-water streams and in 
industrial effluents, the concentration of polluting organic material in most of 
the water at any state of the tide is less than the equivalent of 5 per cent. 
of sewage. 


(6) From a consideration of measurements of salinity and from the observation 
of free-drifting floats it has been deduced that the average time taken by material 
discharged at Warrington and remaining in suspension or solution to reach Rock 
Light is between 1 and 3 weeks (pp. 40-43). 


18. General Nature of the Bed of the Estuary (Chapter V). 


(a) In the Mersey Estuary the area of banks uncovered at low water of a high 
spring tide is about 37 sq. miles. Approximately half of this area is in Liverpool 
Bay and half in the Upper Estuary (p. 46). 


(6) Banks in which burrowing aquatic animals live must be comparatively 
stable and not subject to frequent changes in position, or the animals would be 
washed away. The inter-tidal estuarine banks in the Mersey have been classified 
as “uninhabited,” “sparsely inhabited” and “ densely inhabited’? mud and 
sand. In the Upper Estuary the banks consist mainly of uninhabited sand (48 per 
cent.), densely inhabited mud (33 per cent.) and sparsely inhabited sand (9 per cent.). 
The densely inhabited and relatively stable areas of mud are sharply divided from 
the areas of unstable, uninhabited sand. Most of the mud in the Upper Estuary 
occurs as a single large bank, the “‘Stanlow Bank’’, between Eastham and the 
Weaver Sluices. In Liverpool Bay the banks are mainly composed of uninhabited 
sand (67 per cent.), sparsely inhabited sand (19 per cent.) and densely inhabited 
sand (10 per cent.). The area of densely inhabited mud is only 2 per cent. of the 
total area of inter-tidal banks inthe Bay. In the Upper Estuary, the mud banks lie 
almost entirely at a height of more than 20 ft. above Liverpool Bay Datum. Only 
small areas of stable mud occur on the bed of the channels in the Upper Estuary. 
In Liverpool Bay the greater part of the bed in the sea channels is composed of 
sand but there are large areas of muddy sand in some places (pp. 45-51). 


(c) The distribution of mud banks and sand banks in the Upper Estuary 
is correlated with the strength of the tidal streams ; the velocity over mud banks is 
lower than that over sand banks, since the mud banks are higher than the sand 
banks and are only covered near the time of high water. In Liverpool Bay the 
lowest stream velocities occur over the surface of the inter-tidal banks (pp. 51-53). 


19. Composition of the Deposits in the Estuary (Chapter VI). 


(a) The majority of the chemical analyses of mud and muddy sand were made 
on samples from the mud bank between Eastham and the Weaver Sluices (the 
Stanlow Bank). The samples consisted of siliceous sand, mixed with varying 
proportions of clay and silt. The less sandy muds contain a higher proportion of 
moisture and organic matter than the more sandy samples; the relations between 
the average silica, moisture and organic carbon contents can be expressed by smooth 
curves (Figs. 19 and 21). The highest concentration of organic carbon in any 
sample examined was less than 4-5 per cent. of the dry weight; a few samples 
contained between 3 and 4 per cent.; the majority contained less than 3 per 
cent. (Table 26). 7 
(0) The ratio between the weights of organic carbon and of nitrogen in Mersey 
mud is, on the average, approximately 10:1; it varies considerably in different 
samples (Figs. 23 and 24). 

(c) Mersey mud contains sulphur in the form of sulphate, sulphide and 
elementary sulphur. The distribution of the total amount between these three 
forms is dependent mainly on whether the mud has been subject to aerobic or 
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anaerobic conditions. When sub-surface mud, containing black ferrous sulphide, 
is allowed to dry in the air, the sulphide is converted to elementary sulphur and iron 
oxide and the mud becomes brown in colour. Brown mud, from the surface of 
the bank, when covered with water and maintained under anaerobic conditions 
becomes black, owing to the conversion of sulphate to sulphide. The amount of 
sulphide produced can be increased by additions of a soluble sulphate. Sulphide 
in Mersey mud is probably formed by the reduction, during the decomposition of 
organic matter, of sulphate present in sea water, and the presence of sulphide 
cannot be taken as an indication of the presence of sewage or other polluting 
material (pp. 60-63). 


(d) Samples from below the surface of the Stanlow Bank contain a greater 
proportion of sand than do surface samples. The composition of the mud in the 
sub-surface samples, some of which were apparently deposited between the 
years 1860 and 1890, is about the same as that of recently deposited surface 
samples (pp. 63-64). 


20. Possible Sources of Mersey Mud (Chapter VII). 


Mud-forming material enters the Estuary as the result of erosion of the 
cliffs of boulder clay on the shores of the upper basin, in suspension in fresh-water 
streams, and in sewage. It is also probable that mud-forming material is eroded 
from the bed of Liverpool Bay and of the Irish Sea and is carried into the upper 
basin in suspension during the flood tide. 


(a2) Boulder clay from the cliffs in the Upper Estuary contains only a caal 
concentration of organic matter (Table 37). The mud carried by fresh-water 
streams has, in general, a considerably higher organic content than mud from the 
Stanlow Bank (Table 39). Mud from the bed of Liverpool Bay and the Irish 
Sea, when separated from the sand with which it is mixed, has approximately 
the same composition as inter-tidal mud from the Upper Estuary (Fig. 29). 


(6) The most probable source of any large quantity of mud-forming material 
is the bed of Liverpool Bay and the Irish Sea. The amount of material due 
to boulder clay containing little organic matter and to highly organic suspended 
matter carried by fresh-water streams is relatively small (pp. 68-70). The 
quantity of inorganic suspended matter contained in sewage discharged direct 
to the Estuary is very small compared with the size of the Estuary and the changes 
in capacity which occur (p. 70). If the material is derived from Liverpool Bay 
and the Irish Sea it seems that it undergoes no marked change in composition 
between the time of its erosion and its deposition in the Upper Estuary. 

(c) There are no data from which any estimate can be made of the quantities 
of mud in the Estuary at different times during the period 1861 to 1936 for which 
determinations of the capacity of the Upper Estuary are available. 


21. Comparison of the Composition of the Deposits in the Mersey with that of 
Deposits from other Localities (Chapter VIII). 


(a2) For comparison with Mersey muds, samples of inter-tidal deposits from 
the following localities have been examined :— 


Estuaries of the Rivers Ribble, Dee, Wye, Severn, Pate Deben, Orwell, 
Stour, Colne, Blackwater, Crouch and Roach; salt marshes in 
Norfolk and Essex; Morecambe Bay (Pnelance estuary of the 
River Tay (Scotland); Lough Foyle (North of Ireland); estuaries 
of the Rivers Suir and Barrow (Irish Free State). 


The water in all these localities, though not entirely unpolluted, contains 
smaller concentrations of sewage and industrial effluents than are present in 
the Mersey. In some of these localities, such as the estuaries of the Tay, Foyle 
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and Barrow and the marshes in Norfolk and Essex, the waters are substantially 
unpolluted. 


(6) The organic content of the samples of mud from the Tay, Wye, Severn 
and Foyle was higher than that of Mersey muds containing the same proportion 
of sand. The organic content of the Foyle samples in particular was very high, 
one sample containing as much as 10-6 per cent. of organic carbon; this is due 
to the presence of decomposing peat in the Foyle mud. Muds from the other 
localities were similar to Mersey mud in appearance and texture and their organic 
content was about the same as in Mersey mud containing the same proportion 
of sand (Figs. 32 and 33). The curve expressing the relation between the average 
organic carbon and silica contents of the Mersey samples is approximately 
coincident with the corresponding mean curve for all the muds from the other 
localities (Fig. 34). 

(c) In mud from Liverpool Bay and from the Upper Estuary, for each 100 
grammes of organic carbon there is present about 1 gramme of material soluble 
in petroleum ether. In muds from the other estuaries the proportion is rather 
lower. Digested sewage sludge contains about 10 grammes of ether-soluble 
substances for each 100 grammes of organic carbon (Table 54). The concentra- 
tion of ether-soluble material was determined because it was thought that the 
values obtained might indicate the presence of organic matter of sewage origin 
in a mud. Considerable differences are, however, found in the content of ether- 
soluble substances in individual samples of mud from the same locality, and 
it is doubtful whether the observed differences between the concentration in 
Mersey muds and muds from the other estuaries indicate any real difference in 
the amounts of organic matter of sewage origin. 


22. Changes in the Composition of Muds as a Result of Storage (Chapter [X). 


(a) Samples of Mersey mud covered with sea water were allowed to stand 
in the laboratory for periods of 6 months and 1 year. During this time most 
of the samples lost both nitrogen and organic carbon, the proportion of nitrogen 
lost being rather greater than of organic carbon (Figs. 35 and 36). The carbon- 
nitrogen ratios in the different samples were more nearly the same after storage 
than before (Fig. 37). Samples with similar silica contents contained, after 
storage, more nearly the same concentration of organic matter than when taken 
from the mud bank. 


(b) Since the carbon-nitrogen ratio of Mersey muds stored for periods of 
some months tends to approach a constant value, it was suggested that a 
comparison with the carbon-nitrogen ratio in muds from relatively unpolluted 
localities might indicate whether the Mersey muds are subject to frequent addition 
of fresh organic matter. The carbon-nitrogen ratios of 61 samples of muds as 
collected from estuaries in Suffolk and Essex were compared with the ratios in 
5 groups, each of 61 samples, from the Mersey. In some of the Mersey groups 
the differences in the carbon-nitrogen ratios of the various samples were somewhat 
greater than in the group of Suffolk and Essex muds; in the other groups of 
samples from the Mersey the differences were no greater than in the samples 
from the comparatively unpolluted areas (Fig. 40). It is thus uncertain whether 
the differences observed indicate any significantly greater addition of organic 
matter to the Mersey muds than to the muds from unpolluted localities. 


93. Methods and Conditions of Measurement of Rate of Sedimentation of Mud 
(Chapter X). . 

(a) Numerous laboratory experiments on the settling rate of Mersey muds 

from suspension in water have been made. The muds were taken from the Upper 

Estuary and from Liverpool Bay. The concentration of mud in the experiments 
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was usually between 20 and 60 parts (dry weight) per 100,000; the concentration 
of mud in suspension in the Estuary water under average conditions usually falls 
within these limits (Fig. 83). The salinity of the water used to make up the suspen- 
sions was generally 25 grammes per 1000 grammes, since this is approximately 
the mean salinity of the water in the Upper Estuary at high water (Fig. 7). The 
quantities of sewage added ranged from zero to 5 per cent., that is, up to a concen- 
tration greater than in most of the Estuary water (Table 18). 


(b) The results of this first series of experiments showed that :— 


(i) during sedimentation initially fine particles collide and form aggregates, 
the size and velocity of which increase as they fall (Table 61). 

(ii) as a result of (i) the average velocity of sedimentation in a column 
increases as the depth is increased to 40 ft., the. greatest depth tried 
(Fig. 42). 

(i11) the rate of sedimentation increases with an increase in the initial con- 
centration of mud in suspension, owing to the more rapid formation 
of aggregates (Fig. 43). 

(iv) the rate of sedimentation increases with an increase in the salinity of the 
water from 0-4 to 10 grammes per 1000 grammes, but change in 
salinity from 10 to 30 grammes has no appreciable effect (Fig. 44). 

(v) increase in temperature from 5° to 30° C. causes an increase in the rate 
of sedimentation (Fig. 45). 


24. Rate of Sedimentation of Mersey and Other Muds (Chapter XI). 


(a) The rate of sedimentation in saline water of mud from the Stanlow Bank 
in the Upper Estuary is substantially the same as that of mud from the ee 
of Liverpool Bay (Fig. 46). 


(b) The settling rate of Mersey mud is rather lower than that of muds from the 
estuaries of the rivers Deben, Stour, Colne, Blackwater, and Crouch and from salt 
marshes at Hamford Water (Fig. 47). These localities are comparatively un- 
polluted, and the mud taken from them has approximately the same composition 
as that of Mersey mud (Chapter VIII). Aggregates, similar in appearance and 
size to those formed in Mersey mud, were also formed as the Suffolk and Essex 
muds settled from suspension. 


(c) The rate of sedimentation of the mud carried in suspension in the estuary 
of the river Wye in Monmouthshire is considerably lower than that of Mersey 
mud (Fig. 48). The Wye mud contains approximately the same concentration of 
organic matter as Mersey mud (Chapter VIII) and its low settling rate may be due 
to differences in the composition of its inorganic constituents. 


25. Rate of Sedimentation of Mud immediately after Mixing with Sewage (Chapter X11). 


(a) The change in the settling rate of initially finely-divided Mersey mud in 
saline water caused by the addition of sewage depends on the depth through 
which the mud settles. The rate of sedimentation through depths of 4 inches is not 
significantly changed by the addition of settled sewage in amounts equivalent to 
as much as 5 per cent. of the volume of the suspension (Table 65). In columns 
4 feet in depth a small increase in the settling rate of the mud is caused by the addi- 
tion of 5 per cent. of crude unsettled sewage; in columns 9 feet in depth the increase 
is greater, but the settling rate of mud through a distance of 40 feet is unaffected 
by the addition of 5 per cent. of settled or unsettled sewage (Fig. 50). The effect 
of the addition of sewage on the rate of sedimentation is apparently dependent 
on the state of aggregation reached by the mud in falling through columns of 
different lengths. In all,these experiments the mud was initially in a finely- 
divided condition. 
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(6) With depths of 9 feet, in which the greatest effect with 5 per cent. of 
sewage was observed, no significant increase in the rate of sedimentation of 
initially finely-divided mud in saline water was caused by the addition of 0-5 to 
1 per cent. of sewage; there was a very slight increase with 2 to 3 per cent., and 
a significant increase with 5 per cent. (Fig. 52). With 5 per cent. of settled sewage 
there was an increase in the settling rate of the mud at temperatures of 7°, 
Peamde24 ©. (Fig. 53). 

(c) The effect of sewage on the settling rate was approximately the same 
with muds from the Severn Estuary and from comparatively unpolluted estuaries 
in Essex as with mud from the upper basin of the Mersey (Fig. 54). 


26. Effect of Stirring on the State of Aggregation of Mud in Suspension 
(Chapter XIII). 


(a) When a suspension of finely-divided Mersey mud in saline water was stirred 
vigorously and then poured into another vessel and allowed to settle, the rate of 
sedimentation was usually increased as the result of the preliminary stirring. 
The effect of stirring differed considerably with different samples of mud; with 
some samples little change occurred and with others the increased rate of settling 
through depths between 4 inches and 40 feet was considerable (Fig. 56). No 
marked change appeared to occur, during stirring, in the particle size of the 
mud, but when the suspension was allowed to stand, aggregates were formed 
more rapidly in suspensions previously vigorously stirred than in unstirred 
suspensions. 


(6) When a fine suspension of Mersey mud in saline water was stirred gently, 
large fragile clots were rapidly formed. The size of the aggregates was greatest 
with slow rates of stirring just sufficient to maintain the clots in suspension. When 
stirring was stopped, the clots fell rapidly from suspension with little further 
aggregation (Fig. 58). 

(c) The changes in the state of aggregation of mud caused by gentle stirring 
were similar with samples from comparatively unpolluted estuaries in Essex 
as with samples from the Mersey (Fig. 59). 


(d) When a layer of mud is gently eroded by a moving stream of saline water 
above it, the mud comes into suspension in the form of large aggregates similar to 
those formed by gently stirring a suspension of fine particles of mud (Fig. 60). 


27. Effect of Stirring with Sewage on the Rate of Sedimentation of Mud in Different 
States of Aggregation (Chapter XIV). 


(a) The settling rate of initially finely-divided Mersey mud in saline water, 
which was increased by vigorous stirring of the suspensions, was further increased 
when 5 per cent. of settled sewage was added either before or during stirring. 
The increase due to the added sewage was considerable when the mud was settled 
through columns 4 feet in depth; with columns 9 feet and 20 feet in depth the 
effect of sewage was less and there was no effect when the mud was settled through 
a depth of 40 feet. The addition of 0-1 to 0-3 per cent. of sewage caused no further 
increase in the rate of settling through a depth of 9 ft. after vigorous stirring 
and the increase with 3 per cent. was only small (pp. 113-114). 


(6) When unsettled sewage, in concentrations of 1 to 5 per cent., was added 

to suspensions of mud in saline water and the mixtures were gently stirred for 1 to 
2 hours, the settling rate of the large aggregates formed was greater than in 
| suspensions similarly stirred but to which sewage had not been added. When, 
however, suspensions of the mud were stirred gently for 30 to 60 minutes so that 
the mud formed large aggregates, and 5 per cent. of unsettled sewage was then 
added, the settling rate of the mud after further stirring was not affected by the 
presence of the sewage (Fig. 76). In other experiments mud was allowed to settle 
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from saline water to the bottom of a vessel, unsettled sewage in concentrations up 
to 5 per cent. of the volume of the saline water was added, the mud was brought 
into suspension in the form of large aggregates by gently stirring the supernatant 
liquid, and the mixture was stirred gently for a further period of several hours. 
The settling rate of the mud under these conditions was not affected by the 
addition of the sewage (pp. 117-120). 


(c) The settling rate of mud in suspension is thus only increased by the 
addition of sewage when the mud is initially in a finely-divided condition and is 
not affected when the mud is in the form of large aggregates. 


28. State of Aggregation of the Suspended Matter in the Mersey and in other Estuaries 
(Chapter XV). 

(a) The mud carried in suspension during the run of the tide in the Mersey 
Estuary is generally in the form of large, fragile aggregates. The rate of sedimen- - 
tation of these particles is similar to that of mud which has been stirred gently 
in suspension in saline water or has been eroded from the bottom of a vessel by a 
slowly moving stream of water (Fig. 80). It has been shown (Chapter XIV) that 
the rate of sedimentation of such particles is not affected by the presence of sewage 
in concentrations up to 5 per cent. of the volume of the suspension. 


(0) The mud carried in suspension in the comparatively unpolluted estuaries 
of the rivers Suir and Barrow (Irish Free State) occurs in the form of aggregates 
which in size and properties are similar to those found in the Mersey Estuary 
(Fig. 82). 


29. Rate of Sedimentation of Suspended Matter in the Mersey and in other Estuaries 
(Chapter XVI). 

(a) During each flood and ebb of the tide, mud is eroded from the bed of the 
Mersey Estuary and is carried in suspension by the moving water. Almost the 
whole of this material settles to the bottom during each slack water period of 1 to 
2 hours, even in the Narrows where the depth at low water is 40 to 70 feet (Fig. 83). 
This high rate of sedimentation is due to the fact that the mud is carried in the 
form of large aggregates which settle rapidly when the turbulence of the water is 
reduced. 


(b) The concentration of material carried in suspension is considerably higher 
at spring tides than at neaps, although the mean maximum stream velocity during 
springs is less than 1 knot greater than during neaps (Fig. 85). The data obtained 
during determinations of the rate of erosion of mud (Chapter XIX) suggest that 
little mud is eroded until the stream velocity exceeds a minimum critical 
value; when this has been reached and the mud has been brought into suspension, 
a smaller velocity is sufficient to prevent sedimentation. 


(c) The rate of sedimentation of mud during slack water in the Mersey is 
- approximately the same as that of mud in the River Suir (Irish Free State), which 
is only slightly polluted, and in the Firth of Forth, in which the concentration of 
polluting matter is also considerably smaller than in the Mersey (Fig. 86). 


30. Concentration of Organic Matter in Mud Settled from Suspensions Immediately 
after Mixing with Sewage (Chapter XVII). 

(a) When finely-divided Mersey mud settles from suspension in saline water 
no change occurs in its content of organic matter (Table 88). When sewage is 
added to the suspension, part of the organic matter of the sewage is carried down 
by the mud as it settles. The quantity of organic matter carried down increases 
as the concentration of added sewage is increased from 0-1 to 5 per cent. (Fig. 90). 
For a given concentration of sewage the quantity of organic matter carried down 
is greatest when initially finely-divided mud falls through only a short distance 
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and becomes smaller as the depth through which the mud settles is increased 
(Fig. 89). This is attributed to the formation, in deep columns, of large clots 
of mud which do not take up the organic matter of sewage to the same extent 
as the fine particles (pp. 135-137). 


(6) When a suspension containing mud.and sewage in saline water is allowed 
to settle, only part of the organic matter of the sewage is carried down by the 
mud (Fig. 93). The sewage remaining in suspension or solution cannot be removed 
by bringing the settled mud again into suspension and allowing it to re-settle 
(Fig. 97). Part of the remaining sewage, however, can be removed by adding a 
quantity of fresh mud (Fig. 98). 


(c) When mud is repeatedly settled from a succession of suspensions of sewage 
in saline water, its content of organic matter increases as the result of each sedi- 
mentation; the concentration of organic matter in the mud can in this way be raised 
to a high value (Fig. 96). 


(zd) Organic matter added to mud by allowing the mud to settle from suspension 
in water containing sewage is only feebly attached and can be removed by settling 
the mud from suspension in clean water, or part of it can be removed by sedimenta- 
tion from water containing a relatively small quantity of sewage (pp. 139-140). 


(ec) The organic matter associated with Mersey mud as found in the Estuary, 
however, is firmly attached and is not removed by settling the mud from suspension 
in clean water (p. 140). 


31. Composition of Mud Settled from Previously Stirred Suspensions containing 
Sewage (Chapter XVIII). 

(a) When a suspension of mud in saline water containing sewage is stirred 
vigorously and then allowed to settle, the amount of organic matter in the sediment 
is greater than in the deposited solids from a similar suspension which has not 
been stirred vigorously before sedimentation (pp.. 143-146). The proportion 
of the sewage carried down decreases as the depth through which the mud settles is 
increased (pp. 146-147). 


(0) In some experiments saline water containing mud in suspension was stirred 
gently until large clots of mud were formed; sewage in concentrations of 1 to 5 per 
cent. was added, and slow stirring of the mixture was continued (Table 93). In 
other experiments mud was eroded from the bottom of a glass vessel and was brought 
into suspension, in the form of large clots, in water containing 2 to 5 per cent. of 
sewage’; the mixture was then gently stirred for a period of 1 to 3} hours (Table 94). 
When suspensions treated in either of these ways were allowed to settle, a consider- 
able amount of the organic matter of the sewage was deposited with the mud. 
It had previously been shown that the rate of sedimentation of the mud in these 
experiments was not affected by the presence of the sewage (Chapter XIV). 


(c) When saline water containing up to 5 per cent. of sewage and no mud in 
suspension is stirred gently, the sewage forms aggregates of solid matter which 
settle readily on allowing the mixture to stand, though not so rapidly as the aggre- 
gates formed by gently stirring suspensions of mud in saline water.- The amount 
of organic matter settled in 1} hours through a depth of 9 feet from the sewage 
in a mixture of sewage and saline water is as great as from the same amount of 
sewage in a suspension of mud in saline water similarly treated (pp. 149-150). 


(d) In the Estuary of the Mersey as the quantity of suspended matter decreases 
~ at slack water, the concentration of organic matter in the material remaining in 
suspension increases. This, with the results mentioned in (c) above, indicates 
that the flocculated particles or aggregates of mud in the water of the Estuary 
settle more rapidly than the flocculated particles formed from the sewage (pp. 150- 
152). Part of the organic matter of the sewage, which owing to its low rate of 
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sedimentation remains in suspension at slack water, is doubtless carried out to 
sea during each ebb tide. 


32. Rate of Erosion of Mersey and Other Muds (Chapter XIX). 


(a) There appears to be little erosion of mud from the surface of the banks in 
the Upper Estuary. The banks are, in general, higher than 20 feet above Liverpool 
Bay Datum and are covered only near the time of high water when the stream 
velocity is low. Considerable erosion of mud often takes place, however, from those 
edges of the banks which are exposed to the full force of the tidal streams. When 
this occurs the edge of the mud bank often forms a vertical face or “ fret ’’ and large 
pieces of mud are torn from it and dispersed in the water (p. 153). 


(b) Erosion of mud was studied in the laboratory by a method in which the 
conditions of erosion in the Upper Estuary were reproduced as nearly as possible 
(pp. 153-154). The resistance of Mersey mud to erosion, as measured by this 
method, increases as the mud dries in the air, that is, with a decrease in moisture 
content (Fig. 111). 


(c) Experiments with samples from the Stanlow Bank showed that the 
resistance to erosion was least with those samples containing the highest proportion 
of sand and the smallest proportion of clay (Fig. 112). In comparing the results 
of these experiments due allowance was made for the moisture content of the 
samples as tested. 


(d) The resistance of Mersey mud to erosion is slightly less than that of muds 
from the comparatively unpolluted estuaries in Suffolk and Essex, allowance 
being made for the different moisture and silica contents of the samples (Fig. 114). 


(e) In the Mersey, mud which has settled to the bed of the Estuary during 
slack water is eroded and brought into suspension during each flood and ebb 
tide, provided the stream velocity is sufficiently high. Erosion of different muds 
under these conditions was studied in the laboratory (pp. 159-160). The erosion ~ 
of Mersey mud was not appreciably affected when 5 per cent. of sewage was added 
to the water from which the mud settled (Table 104). Under similar conditions 
the rate of erosion was approximately the same for Mersey mud as for muds from 
the Suffolk and Essex estuaries and from the estuaries of the rivers Wye and 
Severn (Table 105). 


(f) During the period 1931 to 1936, when the channel through the Upper 
Estuary moved so as to flow past the outer edge of the Stanlow Bank, approxi- 
mately half a square mile of the bank was washed away. The volume eroded 
was 6 to 7 million cubic yards, or about 0-6 per cent. of the total capacity of the 
Upper Estuary. The Stanlow Bank is usually protected from erosion by the 
presence of high sand banks between it and the main channel (pp. 161-163). 


33. Dredging in the Sea Channels in Liverpool Bay (Chapter XX). 


(a) Since the year 1890 there has been continuous dredging of different 
parts of the sea channels in Liverpool Bay. Suction dredgers are used. Where 
the bottom is sandy no difficulty is encountered, but where it is composed of 
muddy sand the mud often causes delay by blocking the suction tubes. Moreover, 
the suspension of mud pumped into the hoppers of the dredgers does not easily 
settle and part of the mud is discharged with the water overflowing from the 
hoppers. 

(6) The records of operation of two dredgers for the period 1909 to 1935 
have been examined in detail. The returns show that muddy sand is more difficult 
to dredge than clean sand but there is no evidence of any increase in the difficulty 
of dredging from 1909 to 1935 (pp. 164-166). | 
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34. Methods Used in Measuring the Capacity of the Upper Estuary (Chapter XXI1I). 


(a) In the years 1861, 1871, and 1881, and thereafter at intervals of five years, 
the Mersey Docks and Harbour Board surveyed the Upper Estuary and 
calculated its capacity between Rock Light and Warrington. It is on these 
measurements that opinions on the effect of the discharge of sewage on the 
deposition of material in the Estuary during recent years have been based. The 
original records and calculations have been examined in detail. 


(6) During the present investigation a small compartment of the Estuary 
was surveyed and its volume was calculated independently by the Mersey Docks 
and Harbour Board and by the Department’s staff. Good agreement was 
obtained, the difference between the two values being no greater than 0-2 per 
cent. of the volume of the compartment (Table 118). 


(c) Several methods by which the capacity of the Upper Estuary can be 
calculated from the measurements made by sounding and levelling are available 
and the result obtained depends to some extent on the method chosen. All these 
methods, however, including that adopted by the Mersey Docks and Harbour 
Board, give approximately the same results for the changes in capacity 
(pp. 182-185). 


(d) The original records available for the survey in the year 1861 are not 
in agreement one with another; there is in consequence some uncertainty in the 
values calculated from the records for that year (p. 184). With this exception 
it is concluded that the values obtained by the Mersey Docks and Harbour Board 
for the changes in capacity of the Upper Estuary between successive surveys are 
substantially correct. 


35. Changes in the Capacity of the Upper Estuary and in the Position of the Banks 
and Channels (Chapter XXII). 

(a) The following values of the capacity of the Upper Mersey Estuary 
between Rock Light and Warrington, from the bed to the highest level at any 
position reached by a tide rising in the Narrows to a height of 31 feet above 
Liverpool Bay Datum, have been obtained by re-calculation from the original 
data by the method used by the Mersey Docks and Harbour Board (Table 119) :— 

(Capacity in millions of cubic yards) 
Year: 1871 1881 1886 1891 1896 1901 1906 1911 1916 1921 1926 1931 1936 
Capacity : 955 962 1,003 948 976 980 991 974 957 944 939 939 951 


Between 1871 and 1886 the capacity rose by 48 million cubic yards or by 
5:0 per cent. of the total capacity in 1871. It declined by 55 million cubic yards 
during the period 1886 to 1891, that is by 5-5 per cent. of the 1886 value, but 
rose again by 43 million cubic yards to 991 million cubic yards in 1906. Between 
1906 and 1926 there was a loss of 52 million cubic yards, equivalent to about 
5:2 per cent. of the 1906 value. The loss between 1906 and the most recent 
survey in 1936 (the results of which were communicated to the Department by 
the Mersey Docks and Harbour Board after the body of the present report had 
been written) is approximately 4-0 per cent. The capacity of the Upper Estuary 
was approximately the same in 1936 as in 1916, 1891 and 1871. 


(b) During the period 1906 to 1931 the reduction in capacity in the Upper 
Estuary, between Rock Light and Runcorn, was approximately 50 million cubic 
yards (Table 121, Column E). Part of this reduction was due to the building 
of shore works. The losses in capacity, at different levels, not directly due to 
the building of shore works, were, during the period 1906 to 1931 (Table 128) :— 


Below Liverpool Bay Datum (L.B.D.) .. 22:5 million cu. yds. 

0 to 10 feet above L.B.D. a TO 5, 5 

10 to 20 feet above L.B.D. 5s ne or > re 
4-3 9 a3 


20 feet above L.B.D. to high water 
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These losses are equivalent to the uniform deposition of material to the 
following depths (Table 129) :— 


Below L.B.D. : a: x, .. 0-88 yard 
0 to 10 feet above L. B. Ds bee it 0340. oa 
10 to 20 feet above L.B.D. iv his eae) a8 
20 feet above L.B.D. to high water eH ve etlec2(). B24 


Mud is found in the Upper Estuary almost entree on banks of a height 
greater than 20 feet above L.B.D.; banks which do not reach this height are 
composed mainly of sand. The wantin in capacity between 1906 and 1931 
was thus due mainly to the deposition of sand. Of the total reduction of 50 million 
cubic yards only about 17 per cent. occurred in areas in which the bed is now 
composed of mud, and this 17 per cent. includes almost the whole of the 
reduction in volume (12 per cent. of the total reduction) caused at the building 
of shore works during the period. 


Conclusions 


36. The investigation described in this Report has led to the eases con- 
clusions :— 


(i) The main sources of mud found in the Estuary of the Mersey are material 
eroded from the bed of the Irish Sea, material eroded from cliffs of 
boulder clay forming the shore in parts of the Upper Estuary and 
material carried by fresh-water streams. The most likely source of 
any large quantity of new mud which may from time to time enter 
the Upper Estuary is the bed of the Irish Sea and Liverpool Bay. 


(ii) The quantity of inorganic suspended matter, including road wash- 
ings, in sewage discharged direct to the Estuary is very .small 
compared with the size of the Estuary and the changes in capacity 
which occur. It is calculated that the quantity discharged in a year 
is about 25,000 cubic yards or 0-0025 per cent. of the capacity of the 
Upper Estuary. 


(11) The concentration of organic matter in mud (calculated on dry weight) 
from the Upper Estuary of the Mersey is approximately the same as 
in mud from the bed of the Irish Sea and Liverpool Bay and from various 
relatively unpolluted estuaries in England, Scotland and Ireland. 


(iv) Sewage, in the concentration in which it is present in the Estuary 
of the Mersey, has no appreciable effect on the composition of the mud 
and other solid matter deposited in the Estuary. 


(v) Mud in suspension in the water of the Estuary of the Mersey and in 
relatively unpolluted estuaries is almost entirely in the form of flocs 
or aggregates and not in the form of finely divided particles. The rate 
of sedimentation of mud in this condition is not affected by sewage 
in the concentration found in the Estuary of the Mersey. 


(vi) The resistance of Mersey mud to erosion by water is about the same 
as that of mud of similar composition from relatively unpolluted 
estuaries; the resistance is not affected by previous sedimentation of 
the mud from water containing sewage in the concentration Soi in 
the Estuary. 


(vil) The Stanlow Bank contains most of the mud in the Upper pene 
During the greater part of the last forty years this bank has been 
exposed only to low stream velocities since it is not covered until near 
the time of high water and it has been separated from the main channel 
by banks of sand. In 1931, however, the channel moved so as to expose 
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the bank near the Weaver Sluices to high stream velocities. An area 
of approximately half a square mile of the mud bank was washed away 
during the period 1931-1936; the volume eroded was approximately 
6 million to 7 million cubic yards or about 0-6 per cent. of the capacity 
of the Upper Estuary. This shows that the bank is not stable but is 
rapidly eroded when exposed to the full strength of the tide. 


There is no evidence of any increase during recent years (1909-1935) 
in the difficulty of dredging material from the sea channels in Liverpool 
Bay. , 

During the period 1871-1936 the capacity of the Upper Estuary 
of the Mersey fluctuated between 939 and 1,003 million cubic yards. 
It was approximately the same in 1936 as in 1871. The reduction in 
capacity from 991 million cubic yards in 1906 to 939 million cubic 
yards in 1931 was mainly due, not to the deposition of mud, but to the 
deposition of sand in the deeper parts of the Upper Estuary. 


37. In direct answer to the terms of reference (see paragraph 6) it is concluded 
that the crude sewage discharged into the Estuary of the River Mersey has no 
appreciable effect on the amount and hardness of the deposits in the Estuary. 
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CHAPTER I 


GENERAL DESCRIP PION OR THE ESTUARY 


The Estuary of the River Mersey forms part of the boundary between the 
counties of Lancashire and Cheshire on the west coast of England, and lies between 
the estuaries of the River Ribble on the north, and of the River Dee on the south. 
The Estuary system consists of three distinct parts: Liverpool Bay connected 
by the Narrows to the upper basin which with the Narrows forms the Upper 
Estuary. Liverpool Bay is roughly rectangular in shape. It is in general shallow 
and contains extensive sand banks exposed at low water. Through it there runs a 
deep, S-shaped channel which is the main navigable channel used by ships 
entering and leaving the deep, straight channel known as the Narrows. The 
length of the Narrows is about 6 miles, the minimum width about three-quarters 
of a mile and the maximum depth at low water more than 70 feet. Along the 
east bank the Narrows is lined by a continuous system of docks, behind which 
stand the towns of Bootle and Liverpool. On the west bank there are also 
extensive systems of docks and a number of towns, the largest of which are 
Birkenhead and Wallasey. 

Above the Narrows is the upper basin of the Estuary. This basin is about 
23 miles in length from the Narrows to the point where the fresh water of the River 
Mersey discharges into it. The upper part is broad and shallow. Its maximum 
width of about 3 miles is at Ince. The depth in the channels at low water is not 
more than one or two feet. At low tide, almost the whole of the area of the upper 
part of the basin consists of drying tidal banks. At high water, however, the basin 
is filled with water which has entered through the Narrows from Liverpool Bay, 
so that the Upper Estuary forms a reservoir which is filled during the flood tide 
but from which, on the ebb, water runs out into the sea channels. The range of 
tide at Liverpool is very large, and amounts to more than 31 feet on an extra- 
ordinary spring. The volume of water in the Upper Estuary at high water of 
spring tides is thus considerable and approaches a maximum of about 1,000 million 
cubic yards. 

At a point about 19 miles above Rock Light (Sketch Map) the Upper Estuary 
becomes much narrower where it passes through a gap in the rock. Near this 
position are the towns of Widnes on the Lancashire side and Runcorn on the Cheshire 
side, and here the Estuary is spanned by a railway bridge and a transporter road 
bridge. Above Widnes there is a much smaller basin, also mainly shallow at low 
water; about 5 miles above Widnes this contracts to a narrow channel which 
continues for a further 5 miles to the town of Warrington, where the river is 
spanned by the first fixed road bridge. 

The fresh water entering the Estuary comes from a number of-streams of which 
the River Weaver and the River Mersey with its tributaries, the Rivers Irwell and 
Irk, are the most important. These two river systems account for about 70 per 
cent. of the total flow of fresh water. The River Mersey enters the Estuary over 
a weir a short distance above Warrington. Except at the highest tides, this point 
represents the limit of the tidal part of the Estuary. The Weaver discharges on 
the Cheshire side of the Estuary about 3 miles below Widnes. The remaining 
streams are very small in comparison; the most important are Sankey Brook, 
which enters between Warrington and Widnes, the River Gowy from the Cheshire 
side, 16 miles below Warrington, and the River Alt which flows into Liverpool 
Bay on the Lancashire side. The mean flow of all the fresh-water streams during 
a year of average rainfall is of the order of 6 million cubic yards per day. The 
Estuary receives water draining mainly from part of south and east Lancashire 
and part of Cheshire; the total catchment area is about 1,805 square miles. 

Charts are available showing the positions of the channels in Liverpool Bay 
from 1689. The main channel has altered in direction but the general arrange- 
ment of channels and banks has remained much the same from 1689 to the present 
time. Up to the year 1891 there was a shallow bar at the seaward end of the 
navigable channel, where the depth of water at low tide was only about 10 feet. 
In 1891 dredging was begun in order to improve the navigation and has been 
continued ever since. As a result of this work, the depth over the Bar was increased 
to about 24 feet, and the minimum depth in the main channel is now not less than 
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26 feet. Between 1891 and 1932 nearly 180 million cubic yards of material were 
removed from the banks and channels in Liverpool Bay. This is equivalent to a 
layer nearly 2 feet 6 inches in depth over the whole area of 70 square miles of 
the Bay. Almost the whole of the dredging is carried out by means of suction 
dredgers. In this method of dredging, a long steel tube is lowered to the sea bed 
and a mixture of water and the material of which the bottom is composed is pumped 
into hoppers in the dredger. The heavy material sinks to the bottom of the 
hoppers and the water flows over the top of the hoppers back into the sea. When 
a load has been obtained the dredger steams to a deposit site where the material 
is dumped. The deposit sites used are, in general, not very far from the positions 
where the dredgings are obtained, and it is possible that some of the material finds 
its way back into the sea channels, from which it has again to be dredged. 

In the year 1900, the construction of a revetment was begun on Taylor’s Bank 
to prevent the main channel from eroding the bank and so forming an acute 
bend (Fig. 119). This revetment is still being extended in a seaward direction. 
In 1923, the construction of training walls was begun along both sides of the channel 
where it leaves the Narrows. ‘The south training bank, which is built along the 
outside of the Burbo sand bank, is still being extended seaward in conjunction with 
the revetment on the other side of the channel. In addition to these works, certain 
other alterations have been made in Liverpool Bay. For example, between 1889 
and 1905 a channel appeared which cut the Great Burbo Bank into two parts. 
This channel was stopped by dumping clay in it. The main channel has now a 
pronounced S bend. Near the Crosby Lightship it has become narrow but its 
depth at this point is greater than 60 feet below the low water level of a spring tide. 
It is difficult to estimate the extent to which changes in the shape and depth of 
the channel are due to natural causes and the extent to which alterations have 
been brought about as a result of artificial works in the Bay. 

The tidal banks and the greater part of the bed of the Bay covered by 
water at low tide consist of “sand, but there are patches of muddy sand 
in some places. In the Crosby Channel there is also an area where the bottom 
consists of peaty material and boulder clay. Both the muddy sand and. the 
peat on the bottom cause difficulties in dredging. When the suction tube 
of a dredger is lowered into muddy sand, it is liable to become choked by 
mud sticking to it. In addition, when the material is pumped into hoppers, 
although the sand settles to the bottom, the lighter mud flows out of the 
hopper with the water; it is thus difficult to obtain a full load of spoil. In the 
Crosby channel it is impossible to dredge boulder clay or peat by the suction 
method and at times the bed has been lowered by the use of bucket dredgers. 
Usually, however, the hard bottom is covered by a thin layer of sand and the 
difficulty of removing this by suction dredgers arises from the shallow depth 
of sand, since it is necessary to move the dredger many times before a full load 
can be obtained. Very little information is available on the changes which have 
taken place in the area of the bed of the Bay covered by muddy sand, but it is - 
evident that mud has been present in the Bay for many years since in an early 
survey carried out in 1736 the bottom was reported as “ soft ground ”’ in many 

laces. 
E The bed of the Narrows is on the whole regular and flat and consists in many 
places of bare rock, sometimes covered with stones, shingle or sand. In the Upper 
Estuary, the Lancashire shore consists for a large part of its length of cliffs of 
a reddish boulder clay, and there is evidence that this has been eroded at some 
places during recent years. In the upper part of the basin there are salt marshes, 
which appear to be old mud banks colonised by vegetation. The tidal banks on 
the Lancashire side of the Upper Estuary consist mainly of sand, but on the 
Cheshire side there is an extensive mud bank which adjoins the shore and stretches 
for a.distance of about 7 miles from the confluence of the River Weaver almost 
to Eastham. Thus, unlike many estuaries in which the tidal banks are composed 
of a mixture of sand and mud, the Mersey Estuary has banks of comparatively 
clean sand, sharply separated from banks of mud containing little sand. Although 
surveys giving the depth of water in the upper basin were carried out by. the 
Mersey Docks and Harbour Board in 1861, 1871 and 1881 and since then at 
5-yearly intervals, there is little evidence of the nature of the material of which 
the tidal banks were composed before the present investigation. It was stated 
in the Acting Conservator’s Report for 1857 that part of the deposits in the Upper 
Estuary were of soft black’mud. It was also stated in 1884, by the Engineer to the 
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promoters of the Manchester Ship Canal Bill, that the sand in the Mersey was 
mixed with a certain amount of alluvium, which added to its adhesive properties 
and enabled it to form “ frets.’”’ Dr. C. Burghart, giving evidence during the 
proceedings on this Bill in 1884, reported that he had examined about 50 samples 
of water from the Upper Estuary and that they contained, in suspension, sand 
mixed with “humus matter” which clogged filter paper. It seems likely, 
therefore, that there was mud in the Upper Estuary in 1884. There are also in the 
Upper Estuary, particularly on the Lancashire side, the remains of mud banks, 
the greater part of which appear to have been washed away, and there are marshes 
consisting of mud of the same nature as that found in the upper basin but which 
are now covered with vegetation. 

The channel through the upper basin is long and winding and frequent 
changes in its position occur. These changes are sometimes brought about by the 
erosion of material from the edge of the channel and sometimes result from the 
breaking through of the channel to occupy a new bed. 

Salt water, even at high tides, does not travel so far up the Estuary as 
Warrington, but the greater part of the Upper Estuary at high tide contains 
water of high salinity. The velocity of the tidal stream does not, in general, greatly 
exceed 4 knots, although there are places where higher velocities occur. During 
spring tides there is a small bore above Widnes and the head of this wave is followed 
by a very fast and turbulent current. 

A considerable amount of dredging is done in the Upper Estuary; 
the average quantity of material removed between 1901 and 1931 was 
approximately 2-3 million cubic yards per year. The whole of this dredging 
is done in the lower part of the basin below Eastham and is mainly to 
keep open the navigable channel to the Manchester Ship Canal and the channels 
into various dock systems. There have been alterations in the shore line of the 
Estuary as the result of building artificial works. Thus, at different times, part 
of the foreshore at Tranmere has been enclosed and the Bromborough and 
Gladstone Docks and the Aigburth Promenade have been built out over the 
foreshore. The greatest change was brought about by the building of the 
Manchester Ship Canal between 1887 and 1894. This canal not only caused an 
alteration in the shore line of part of the Upper Estuary, but also considerably 
altered the methods of discharge of fresh water into the tidal basin. The canal 
begins at Eastham on the Cheshire side and follows this shore of the Estuary 
to a point a little above Widnes. For part of this distance the seaward wall of the 
canal is built on the original foreshore of the Estuary. Above Widnes the canal 
leaves the Estuary and continues as a separate channel to a point about 5 miles 
above Warrington, after which it occupies the original bed of the River Mersey 
or its tributaries to Manchester. The canal is tidal from Eastham to Latchford 
Locks, which are about 2 miles above Warrington, but Estuary water flows into 
the canal at Eastham only on tides rising at Prince’s Pier to a height greater 
than 26 feet 2 inches above Liverpool Bay Datum. One of the major effects of the 
building of the Canal is that the estuary of the River Weaver, with some marsh 
land, is now cut off from the estuary of the Mersey. The water from the Weaver 
now flows first into the Ship Canal, from which an equivalent volume of water 
is let out into the Mersey Estuary by means of adjustable sluices. The sluices are 
operated so that the whole of this flow occurs during the first part of the ebb tide. 

The towns on the banks of the Estuary stand in three main groups. The 
area behind both shores of the Narrows is almost. completely built up, the chief 
towns being Liverpool (population 855,500), Bootle (population 76,800), Birken- 
head (population 159,500) and Wallasey (population 89,000). Above the Narrows 
on the Cheshire bank there are smaller towns, including Bebington (population 
32,100) and Ellesmere Port (population 23,500). In the upper half of the Upper 
Estuary there are no towns of any size on either bank until the narrow gap where 
Widnes (population 40,500) stands on the Lancashire bank and Runcorn 
(population 50,000) on the Cheshire bank. Between this point and Warrington 
(population 79,300), which stands at the head of the Estuary, there are no towns. 
| The Mersey is an important waterway and the trade carried on it is one 
of the chief sources of the wealth of Merseyside. On the Lancashire side of the 
Narrows there is a continuous system of docks seven miles in length, and on the 
Cheshire side there are important docks at Birkenhead. Higher up the Estuary 
on the Lancashire side is the port of Garston, the channel to which is used by big 
ships only at about the time of high water. Large ships also enter the Manchester 
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Ship Canal during a period of four hours on either side of high water. In the upper 
basin itself there are no channels of navigable depth at low water but at high 
water a large carrying trade is done by small steamers and barges, some of which 
are bound for Widnes while others lock into the Manchester Ship Canal. At high 
water also, small vessels use the channel between Widnes and Warrington, the 
upper part of which is dredged. 

Considerable volumes of sewage and trade wastes are discharged into the 
Estuary. Almost the whole of the sewage from the towns on the Estuary banks 
is discharged in an untreated condition and the sewers carry also most of the 
trade wastes of the district. The industries on Merseyside are varied in character. 
They include groups of industries which give rise to polluting effluents; of these 
one of the most important is tanning. Many of the fresh-water streams flowing 
into the Estuary pass through thickly populated industrial areas and are heavily 
polluted when they enter the Estuary. While little information is available on 
the changes which have occurred in recent times in the volume and character 
of industrial effluents discharged, there is no doubt that, with the growth of 
population and changes in sanitation, the volume of sewage entering the Estuary 
has increased within recent years. 

Since the year 1858 the Navigation Authority for the Estuary has been the 
Mersey Docks and Harbour Board. The upkeep of buoys in the upper part of the 
Upper Estuary and certain other duties, however, are carried out by the Upper 
Mersey Navigation Commission, while certain other work in the Estuary is done 
by other authorities, for example, by the Manchester Ship Canal Company and 
the London Midland and Scottish Railway Company. The Mersey Docks and 
Harbour Board surveyed: the Upper Estuary and measured its capacity in 1861, 
1871 and 1881, and since that time they have made surveys at five-yearly 
intervals. They also carry out the dredging in Liverpool Bay and survey and 
mark the navigable channels and banks in this area. In recent years Parliamentary 
Bills, which might result in the discharge of additional sewage into the Estuary, 
have been opposed on the ground that the discharge of crude sewage makes it 
more difficult to keep open the navigable channels. The opinion has been expressed 
that the discharge of crude sewage causes deposition of mud in the Upper Estuary 
and changes the nature of the deposits in such a way that they are less easily 
eroded by the tidal streams. It was accordingly said that discharge of crude 
sewage led to a decrease in the tidal capacity of the Upper Estuary and thus 
reduced the quantity of water available for scouring the sea channels on the ebb 
tide, and that this decrease in the scour in the sea channels resulted in increased 
deposition in them, thus increasing the amount of dredging necessary to maintain 
a navigable depth. The presence of sewage was also believed to have led to the 
deposition in the sea channels of muddy material which is difficult to dredge. 

The Mersey Docks and Harbour Board have held that in order to keep open 
the sea channels in Liverpool Bay the tidal capacity of the Upper Estuary must 
be maintained and for this reason the building of the Manchester Ship Canal was 
opposed by them in the years 1885 to 1888 on the. grounds that the construction 
of the Canal, especially in the form first proposed, would lead to the silting up o 
the upper basin. 5 
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CHAPTER UII 


DISCHARGES INTO THE ESTUARY OF FRESH WATER, SEWAGE, 
AND INDUSTRIAL EFFLUENTS 


The chief rivers discharging into the Mersey Estuary are the River Mersey 
and its tributaries which drain a large part of East Lancashire, some smaller streams 
which drain part of South Lancashire, and the river Weaver which, with other small 
streams, runs through part of Cheshire to the southern bank of the Estuary. A 
large part of the country through which these rivers run is industrial in character. 
In consequence there are numerous canals in the district and into these, in many 
cases, the water from the rivers has been diverted, the flow now being controlled 
by weirs and sluices. In addition a considerable volume of water is discharged 
into the rivers in the form of sewage effluents or industrial effluents. This water is 
in many cases brought into the district from outside catchment areas while some 
is pumped from wells within the area draining to the Mersey Estuary. It is thus 
difficult to gauge the flow of the rivers discharging into the Estuary and the relations 
which have been found to exist between the rainfall and run-off for certain other 
districts cannot be expected to hold in so artificial a system. The fresh water 
entering the Estuary may be considered under two heads: 


(1) Water entering by streams and tributaries, which may contain sewage, 
sewage effluent, and industrial effluents. Part of the water used for 
domestic and industrial purposes is obtained from districts outside 
the catchment areas of the streams and part is pumped from wells in 
these areas. 


(2) Sewage or industrial effluents discharged directly into the Estuary 

- or into canals connected with it. The sewers carry the rainfall of the 

urban areas on the banks of the Estuary as well as domestic sewage 
and industrial effluents. 


FRESH-WATER DISCHARGES 


A diagram of the main routes by which fresh-water streams discharge into the 
Estuary is shown in Fig. 1. The natural river system was considerably altered 
when the Manchester Ship Canal was constructed. The rivers Irwell and Irk now 
enter the Ship Canal at Manchester and the River Mersey joins the Canal at Irlam, 
seven miles lower down; the Canal thus runs in the original bed of the Mersey or 
its tributaries, the bed having been lowered considerably by dredging. Four miles 
below Irlam, where the river Bollin joins the Mersey, the Canal and the river 
separate, part of the water passing over Woolston Weir above Warrington into the 
Estuary and part through locks at Latchford into the tidal section of the Ship 
Canal. This water finally enters the Estuary through various locks and sluices 
lower down, the most seaward point of entry being at Eastham which is roughly 
half way between Rock Light and Widnes. The flow of water over Woolston 
Weir is controlled by sluices. 

The river Weaver is now cut off from the Estuary by the Manchester Ship Canal 
and its water enters the canal at Frodsham Marsh below Widnes. The flow into 
the Ship Canal is controlled by an adjustable weir and by sluices and the water 
finally passes into the Mersey Estuary mainly through the Weaver sluices which 
are opened only during the first four hours of the ebb tide. 

The flow from the streams and tributaries entering the Estuary on the Lanca- 
shire side is complicated by the St. Helen’s Canal and the Leeds and Liverpool Canal 
which take some of the water from the catchment areas of the various streams. 

A rough estimate of the total quantity of fresh water entering the Mersey 
Estuary has been made by various methods. Where possible the fresh-water 
streams have been directly gauged by current meter and a record has been obtained 
of the height of the streams over as long a period as possible. In other cases 
information has been obtained from Local and Navigation Authorities and for some 
streams an estimate of the mean flow has been made from a consideration of the 
rainfall and size of the catchment area. Where streams have been directly 
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gauged, the methods used have been in general those recommended by Hogan”. 
An account of the methods used is given in the Appendix to this Report. During 
part of the time when gauging was being carried out the flow of the streams was 
abnormally low owing to a period of drought, so that the estimated flow under 
average conditions of rainfall is only approximate. 


The catchment areas of the streams discharging into the Estuary are shown 
in Fig. 2 and the areas are given in Table 1 (p. 211). In Fig. 3* are shown the 
positions of sewage disposal works in the area drained by the Upper Mersey 
and its tributaries, indicating the extent to which the flow of the streams in this 
district may be affected by water brought in from outside sources. 


In Table 2 (p. 212) are given the observed discharges from streams which it was 
possible to gauge by means of current meters or floats. The mean flow under 
average conditions for all streams discharging into the Mersey, estimated from 
direct measurements or from information from other sources, is shown in 
Table 3 (p. 213), where the methcds used in computing the flow of each stream 
are indicated. A summary of the data in Table 3 on the flow of fresh water into 
the Estuary is given in Table 4. | 


TABLE 4—Estimated Daily Addition of Fresh Water to the Mersey Estuary 











Estimated daily Percentage 
Source. flow (millions Oo 

of gallons). total. 

R. Mersey and its tributaries 523 52-1 

R. Weaver .. ie Br 183 18-2 

Other streams re ox 213 21-2 

Rainfall carried by sewers .. 39 3°9 
Rainfall over surface of 
Estuary and Manchester 

Ship Canal ae op 46 4-6 

Total ra oy 1,004 100-0 





The water brought down by most of the main streams entering the Estuary 
is polluted by discharges of treated sewage and of trade effluents, and the organic 
matter entering the Estuary in fresh-water streams represents a significant propor- 
tion of the total amount of organic matter discharged into the Estuary. Thus the 
River Mersey and its tributaries drain an area of 785 square miles in which the bulk 
of the population and industries of East Lancashire are concentrated. No attempt 
has been made to determine directly the amount of polluting material discharged 
into the upper reaches of the fresh-water rivers, since during their passage to the 
Estuary the quantity of organic matter carried in the water may be reduced, 
partly by self-purification processes and partly by sedimentation. In this investi- 
gation, therefore, the composition of the fresh water has been.examined at the 
points of discharge into the Estuary. It is difficult, however, to obtain a reliable 
estimate of the quantity of organic matter brought in by streams. Thus, the depth 
of the fresh-water Mersey has been increased by dredging to form the Manchester 
Ship Canal, the velocity in the river is consequently low and suspended matter 
settles to the bottom and forms a sludge. In times of low river flow, the concentra- 
tion of organic matter in suspension in the water passing into the Estuary is rela- 
tively low, since some of the organic matter remains on the bed of the river. In 
times of spate, however, part of this material is brought into suspension and the 
concentration in the water entering the Estuary is considerably increased. Results 
of determinations of the concentration of organic matter in the chief streams are 
given in Table 5 (p. 215). Most of the determinations were carried out at a time of 
dry weather and the concentrations of organic matter observed probably represent 
minimum values. In Table 6 an estimate has been made of the total weight of 
organic matter, both soluble and insoluble, entering the Estuary from the main 
streams during a period of 24 hours. 


* Compiled from information supplied by the Manchester and District Joint ‘Town Planning Advisory 
Comimittec. 
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TABLE 6—Estimated Total Weight of Organic Carbon entering the Mersey Estuary 
in Frresh-Water Streams 





Mean daily Estimated Mean Estimated 
flow from mean daily | concentration weight of Per cent. 
which flow of of organic organic carbon of total 
amount of stream. carbon from observed organic 
Stream. organic Average observed. flows and carbon 
carbon was for year. observed from all 
calculated. concentra- fresh-water 
(thousands (thousands (parts per tions. streams. 
of gal.) of gal.) 100,000) (Ib. per day) 
River Mersey at Howley 
Weir re 104,000 523,000 2-79 27,420 62-3 
Sankey Brook = ee 10,460 52,330 13-3 13,800 31:4 | 
River ait. ae oe "94 6,580 45,020 2:4 1,650 3°8 
River Gowy & i 4,600 24,920 1-4 640 1:5 
| Holpool Gutter... 1,560 4,360 2-9 460 1-0 
| oie ee 43,970 100-0 





The river Weaver, which discharges into the Manchester Ship Canal before 
entering the Estuary proper, has been omitted since it is not certain that all the 
suspended organic matter it discharges into the Canal reaches the Estuary, a con- 
siderable volume of material being removed from the bed of the Ship Canal by 
dredging. It is probable that the average quantity of organic matter from 
fresh-water sources entering the Estuary during a year would be found to be 
larger than the figures given in Table 6 if observations were taken during a whole 
year of normal rainfall. 


SEWAGE DISCHARGES 


Information on the volume of sewage entering the Estuary has been obtained 
from the local authorities. The positions of the main sewer outfalls are shown in 
Fig. 4 and the estimated population served by each sewer with the average water 
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Fic, 4—Positions of the Out-falls of Sewers discharging into the 
Mersey Estuary 
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consumption per head per day is givenin Table 7 (p. 217). In some cases it has not 
been possible to determine the population served by individual sewers belonging to 
a local authority but the population served by a group of adjacent sewers has in 
all cases been estimated. In the case of Liverpool, the populations connected to 
individual sewers are not known with accuracy and the population served by each 
sewer has been calculated from the total population and from a comparison of the 
flow through each sewer observed from comparable series of gaugings taken by 
the City Engineer. In the Mersey area most of the industrial effluents produced 
are carried in the sewers, and the water contributing to the flow of sewage 
consists partly of water supplied by local authorities to domestic and industrial 
consumers and partly of water which is pumped for industrial purposes from private 
wells or other sources. It is therefore difficult to estimate the volume of sewage 
discharged per head per day and the figure obtained is larger than the amount 
usual in a non-industrial area. No attempt has been made to gauge the flow 
from sewers directly, since they all discharge at levels below the high water mark 
and are tide-locked for part of the day; in consequence the flow of sewage is reduced 
at high water and correspondingly increased at low water. The sewage from a few 
districts with only relatively small populations is treated by various methods before 
being discharged ; in some of these cases partial treatment only is given. Most of the 
sewage discharged between Warrington and the sea is, however, unsettled* sewage. 


The first large volume of sewage entering the tidal reaches of the Mersey is at 
Warrington where part of the town is connected to a water-carriage system but 
in the older part of the town the dry disposal system is still used. Seaward of 
Warrington the next large discharges are at Widnes and Runcorn, both of these 
towns discharging unsettled sewage from the whole of their areas. Between Widnes 
and Garston the only large discharges are on the Cheshire bank where the sewage 
from Ellesmere Port enters. From Garston to Rock Light at the seaward end of 
the Narrows there are large discharges of unsettled sewage from the greater part of 
the populations of Liverpool, Bootle and Litherland on the Lancashire shore 
and from Birkenhead and Wallasey on the Cheshire shore. In the Estuary 
seaward of the Narrows only the Lancashire shore has been considered; in this 
section the unsettled sewage of Waterloo and Crosby is discharged through pipes 
running over the foreshore and sewage is also discharged from Formby after 
treatment in septic tanks. The distribution of the sewered population along 
the Estuary is shown in Fig. 5. The major part of the load is in the Narrows 
between Rock Light and Garston. 
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Fic. 5—Distribution of Sewered Population on the Shores of the Mersey Estuary 


It is difficult to estimate the changes which have taken place in the volume of 
sewage discharged into the Mersey during the period from 1861 for which records 


* The term “‘ unsettled sewage ”’ as used in this Report refers to crude sewage, taken from sewer 
outfalls, and from which no solid matter has been removed by sedimentation or other treatment. 
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of the capacity of the Estuary are available. The total populations of the main 
towns on the Estuary banks in 1861, 1901 and 1931 are shown in Fig. 6; the popula- 
tion of these towns has approximately doubled between 1861 and 1931. While 
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Fic. 6—Growth of Population in the Chief Towns on the Mersey Estuary 
from 1861 to 1931 


precise records are not available it seems clear that the relative increase in the 
volume of sewage discharged is greater than the corresponding increase in 
population, since in 1861 not all houses were drained by a water-carriage system. 
Conversion from dry systems to the water-carriage system was carried out at 
different periods in different districts; it has not been possible to obtain exact 
information on the dates of the changes. 


Since the sewers in the Merseyside area carry both domestic sewage and in- 
dustrial wastes no attempt has been made to determine by direct measurement the 
weight of organic matter discharged in domestic sewage per head per day. Very 
little work appears to have been done on the concentration of organic matter in 
sewages of different types but some figures are available for domestic sewage from 
non-industrial districts in Norbury (Croydon) and from parts of Birmingham ™. 
In 18 samples of sewage, 15 from Norbury and 3 from Birmingham, the mean 
concentration of total organic carbon was 46 parts per 100,000, the minimum 
being 27-0 and the maximum 63-0 parts per 100,000. The mean value of 46 parts 
per 100,000 has been taken as representing an average value for domestic sewage 
and on this basis the appreximate weight of organic carbon discharged in domestic 
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sewage into the Mersey has been calculated (Table 8). The water consumption per 
head per day in this calculation has been taken as 25 gallons; this is the estimated 
consumption for Waterloo and for Wallasey, neither of which towns contains 
any large industrial works. The higher water consumption in other Merseyside 
districts is partly due to the use of water for industrial purposes. The largest total 
output of organic carbon in domestic sewage entering the Mersey is from Liverpool, 
which discharges over 60 per cent. of the total amount. The Boroughs of Bootle, 
Liverpool, Birkenhead and Wallasey together account for nearly 85 per cent. of 
the total organic matter discharged in sewage. 


TABLE 8—Estimated Discharge of Organic Carbon into the Mersey Estuary in 
: Domestic Sewage 


Water Consumption per Head of Population per Day estimated at 25 Gallons 















































Estimated 
weight of 
| organic carbon 
Estimated | discharged Percent. 
. flow of | per day of total 
Sewered | domestic | (assumed organic 
District. population. sewage organic carbon carbon 
per day. content of discharged 
| sewage 46 in sewage. 
parts per 
190,000). 
(gal.) (Ib.) | 
featmby UDC... . .. ; | 7370" 199,000 | 915 0-6 
Gt. Crosby U.D.C. a <a 18,290 | 457,000 | 2,105 1:3 
Waterloo and Seaforth U.D.C. | 17,000 | 425,000 | 1,955 |S. : 
Borough of Bootle =... | 76,800 | 1,920,000 8,840 5°5 | 
County Borough of Liverpool .. | 855,540 | 21,390,000 | 98,300 | 61-1 | 
Whiston R.D.C. .. att ra COL ay 268,000 1,240 . 0-8 
Municipal Borough of Widnes .. | 40,530 | 1,013,000 4,670 2-9 | 
iamineron U.D.C. & R.D.C. .. | 19,250 | 481,000 | 2,210 | 1-4 
Runcom U.D.C. and R.D.C. .. | 49,950 | 1,250,000 | 5,750 | 3°6 
Ellesmere Port U.D.C. .. es 23,500 | 588,000 rad BY) | Lay 
Bebington U.D.C. ae of, 32,100 | 803,000 3,700" 2m 2°35 
County Borough of Birkenhead 159,480 | 3,987,000 | 18,360 | 11-4 
ee Ho! Wallasey 89,000 2,225,000 10,250 6-4 
(discharging to Mersey) 
| Total .. ..  ..| 1,400,120 | 35,006,000 | 161,000 | 100-2 








A check on the estimated total weight of organic carbon discharged in sewage 
can be obtained from other published data. From figures given by the Royal 
Commission on Sewage Disposal, it has been calculated that on the average the 
sewage discharged per person per day has a biochemical oxygen demand of about 
0-136 lb. of oxygen®. Similar values have been used by American workers. 
Some information is also available on the ratio of the organic carbon content 
and the biochemical oxygen demand of unsettled domestic sewage. Values of 0-78 
and 0:55 have been given for this ratio by Lovett and Garner “ and by Mohlman 
and Edwards‘* respectively. Taking a mean value of 0-67 the estimated discharge 
of organic carbon per day into the Estuary from a population of 1-4 million 
persons can be calculated. The value obtained is 127,000 lb. of organic carbon 
per day, which is of the same order as the value of 161,000 lb. obtained by the 
alternative method (Table 8). Both calculations, however, rest on data inadequate 
to give more than a rough approximation. 


INDUSTRIAL EFFLUENTS 


In estimating the quantity of polluting material entering the Estuary 
a general survey of the industries of the district and of the effluents they discharge 
has been made, but the survey is by no means exhaustive and only the major 
industries have been considered. The main industrial areas coincide generally 
with the main areas from which domestic sewage is discharged. At the head of 
the Estuary the industrial undertakings are concentrated in Warrington and 
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their effluents are discharged into the reaches of the Estuary below Howley Weir. 
Further downstream there are important industries in Widnes and Runcorn; 
their effluents are carried mainly by the municipal sewers. Below Widnes on the 
Lancashire shore of the Estuary there are few industrial discharges upstream 
of Liverpool. On the Cheshire shore there are industries in Ellesmere Port and 
Bebington. The towns of Liverpool, Bootle and Litherland contain numerous 
industrial works the effluents from which are carried with the domestic sewage, 
and there is on the Cheshire bank of the Narrows a further centre of industry in 
Birkenhead; the Borough of Wallasey is mainly residential. There are few 
industries of importance seaward of the Narrows except those situated on the 
banks of the River Alt into which their effluents are discharged. 


The trade of Liverpool is largely concerned with the handling and transport 
of goods, but there are numerous industries of different kinds without any group 
of undertakings being predominant; thus there are important tanneries, breweries, 
flour mills, galvanising plants, sugar refining factories and tar distilleries. There 
are also several industries in Birkenhead, among which flour-milling is important. 
In Widnes and Runcorn there are large chemical manufacturing plants, soap 
factories, galvanising works and tanneries; in Warrington the making of galvanised 
goods and wire ropes is an important industry and there are large soap works, 
tanneries and industries associated with tanneries, producing products such as 
glues and gelatine. The industries of Ellesmere Port include large flour mills and 
paper mills. On the River Alt there are important jam, food products, and 
artificial silk factories. 


During this investigation most of the large Merseyside industrial undertakings 
were asked for information on their manufactures and the effluents they discharged 
and visits were paid to a large number of factories. An examination of effluents 
of the varied types produced was thought to be outside the scope of the 
investigation, but the effluents from tanneries, which form one of the largest 
groups of industries on Merseyside, were examined in some detail. From a pre- 
liminary examination of the effluents discharged into the Estuary it appeared 
that the effluents from tanneries formed the most important industrial source 
of organic matter discharged. A more complete examination of these effluents was 
therefore made in order to estimate the minimum quantity of organic matter 
entering the Estuary from industrial sources and to obtain an estimate of the 
relative importance of domestic sewage and of industrial effluents in contributing 
to the total weight of organic matter discharged into the river. 


In all, 25 tanneries were visited, and the processes carried on and the volume 
and nature of the effluents produced were observed. The method of tanning hides 
varies in different tanneries but the processes employed and the effluents produced 
are essentially similar in all of them. Hides are first soaked in water in pits where 
the skins become soft and workable. After soaking for a period which differs in 
different tanneries the water is run off and forms one of the effluents produced, 
known as “soak water’’. The hides are then steeped in similar pits in water 
containing lime to which sodium sulphide and other chemicals are often added; 
the water which is run off at the end of this treatment is known as “‘ lime water”’. 
After removal of the hair, the hides are placed in pits containing tanning materials 
in water, and when the leather is finally removed from these pits the liquor run 
off is known as “ spent tan liquor.”’ A quantity of water, which varies in different 
tanneries, 1s also used for washing the hides between these processes, but the 
amount is so variable that no analyses of these effluents were made. The combined 
effluent from a tannery is usually run into channels where lime and insoluble 
organic matter settle from it; this is dug out at intervals and disposed of in various 
ways. The liquor which runs off, consisting of a mixture of soak water, lime water, 
spent tan liquor and wash water, constitutes the effluent from the tannery; in 
most tanneries this is run into a sewer and discharged into the Estuary. Some 
analyses of the three main types of tannery effluents are given in Table 9. 
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TABLE 9—Analyses of Tannery Effiuents 


























Organic constituents (parts 
Reference No. Kind of per 100,000). 
of tannery. effluent. 
Organic carbon. | Nitrogen (Kjeldahl). 

26 | Spent tan liquor 1,510 25 
23 ee eee 3,010 118 
23 ” ” ” 1,260 pa 
i »”) ”) »”) 900 O5 
18 es teens; 1,210 16 
18 Pe wa 960 21 
1 1 2 ”? ” 1,000 25 
8 Pe 2,240 66 
13 ” ” ”) 750 9 
Mean 1,430 36 

7 Soak water 174 3-7 
18 5 os 176 — 
11 . re 144 3:2 
13 - ks 126 am 
Mean 155 3-0 

‘ae Lime water 341 9°8 
18 ” ” 224 ge: 
11 S i 151 5-4 
8 ” ” 456 16 3 6 
13 f ce 92 4:5 
Mean 253 7°3 





In Table 10 (p. 219) is given an estimate of the weight of organic carbon 
discharged per day from each tannery in the district, based on the average 
composition of each type of effluent and the corresponding volume discharged 
daily from each tannery. 

A rough comparison can now be made of the load of organic matter discharged 
into the Estuary from fresh-water streams, in domestic sewage, and in tannery 
effluents (Table 11). The estimated weight of organic matter contained in tannery 
effluents is about 13 per cent. of the total organic matter discharged, and it is 
certain that this figure under-estimates the importance of industrial effluents 
as a whole in contributing to the load of organic matter entering the Estuary. It 
is probable that the quantity of organic matter from fresh-water streams has also 
been under-estimated, since the figures on which the estimate is based were 
obtained during periods of low fresh-water flow and the quantity of organic matter 
brought down increases during spates. 


TABLE 11—Estimated Weight of Organic Carbon entering the Mersey Estuary from 
Various Sources 


















































Total organic carbon (lb. per day). Percentage 

of total 

District. Fresh- Ter a ee 
water Sewage. ffl ie Sum. : 

streams. CHIUED EP entering 

estuary. 

Warrington to Sankey | 

Brook 41,200 2,200 13,560 ~ 56,960 24-2 
Sankey Brook to Widnes — 10,430 7,760 18,190 7:7 
Widnes to Garston 1,100 3,950 _ 5,050 2.2 
Garston to Rock Light — 139,500 8,970 148,470 63-1 
Rock Light to Formby 1,650 4,980 | — 6,630 2°8 
: Total 43,950 161,060 30,290 235,300 100-0 














(187%) | (68-4%) | (12-9%) | 
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The main discharge of organic material is in the Narrows, where nearly 
two-thirds of the total enters the Estuary, but the shallow and narrow reaches 
between Warrington and Widnes are heavily polluted, nearly one-third of the 
total quantity of organic matter being discharged in this section of the Estuary. 


SUMMARY 


An estimate has been made of the relative quantities of organic matter 
discharged into the Mersey Estuary from different sources. The fresh-water streams 
entering the Estuary are, in general, heavily polluted by sewage effluents and 
trade effluents. In the tidal reaches, sewage, mostly in an untreated condition, 
from a population of about 1-4 million persons, is discharged, together with trade 
effluents from a variety of manufacturing processes. An estimate has been made 
of the weight of organic matter discharged in effluents from the tanning industry, 
one of the largest sources of industrial pollution in the area of the Estuary. It is 
estimated that the total weight of organic matter discharged into the Estuary is 
equivalent to not less than 100 tons of organic carbon per day. Of this total 
quantity about 19 per cent. is brought in by fresh-water streams, about 68 per 
cent. is contained in sewage and about 13 per cent. in tannery effluents discharged 
direct into the Estuary. The relative importance of the discharges from other 
types of industrial works has not been assessed. 
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CHAPTER III 


COMPOSITION OF THE ESTUARY WATER 


A general chemical examination of the water in the Estuary between 
Warrington and the sea has been made to determine the distribution of fresh and 
salt water and to estimate the extent to which the water is polluted. 

The distribution of salt and fresh water in the Estuary is important, since 
it is known that the rate of settling of suspended matter in water is influenced by 
the concentration of salt, and since data on the distribution of salt water can be 
used in estimating the concentration of sewage in different parts of the Estuary. 


DISTRIBUTION OF SALINITY 


The total concentration of salts in water from the open sea does not differ 
greatly in different parts of the world and is approximately constant at about 
34 gm. per 1000 gm. of sea water; the figure giving the concentration in gm. per 
1000 gm. is known as the “ salinity’’. It is known that the chloride content of 
sea water is very nearly proportional to the total concentration of salts so that 
the proportions of salt water and fresh water in an estuarine sample of diluted 
sea water can be calculated from the chloride content. 

During the investigation, numerous determinations of salinity were made on 
samples taken at various states of the tide. These determinations were made 
mainly with the object of ascertaining any relationship which might exist between 
salinity, and thus the proportion of sea water, and concentration of dissolved 
Oxygen at different depths. The results are given in Table 12 (p. 220). In 
addition, many samples were taken at high and low water at known positions in 
the Estuary; the salinity of these samples is given in Table 13 (p. 229). The 
number of samples examined was insufficient to show the effect of fresh-water 
spates on the salinity distribution in the Estuary, but the results give the average 
salinity at high and low water during both spring and neap tides; this information 
is shown diagrammatically in Fig. 7. In the Mersey Estuary, as in other estuaries 
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which have been examined, the greatest change in salinity occurs in a relatively 
short belt some distance from the sea, while in most parts of the Estuary the 
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change in salinity is more gradual. Thus in the Mersey at high water of a spring 
tide the salinity between Widnes and the Bar Lightship increases from about 
22-0 to 33-0 gm. per 1000 gm., that is the proportion of sea water increases from 
about two-thirds at Widnes until at the Bar Lightship the water is almost wholly 
sea water. 


In calculating the mean salinity values given in Fig. 7, samples taken at all 
depths were included, since it was found that in the Mersey there is very little 
difference between the salinity of surface and sub-surface water. This may be 
seen from Table 12, where numerous determinations at the same positions 
but at different depths are included. In some estuaries there is a considerable 
difference in the salinity of samples taken at the same time at a given position but 
at different depths. Thus in the Tees Estuary” it has been found that the water 
at the bottom is very much more saline than that at the surface, the isohalines 
in a vertical section along the Estuary being almost horizontal. This layering of 
the water in the Tees and in similar estuaries occurs when the fresh water flow 
is considerable in comparison with the size of the estuary, so that the fresh water 
tends to flow to the sea over the denser salt water below. In addition, the bed 
of the Tees Estuary is regular and there are no inter-tidal banks in the main 
channel, so that the layering of the water is not destroyed by turbulence caused 
by unevenness of the Estuary bed. In the Mersey, however, there are extensive 
inter-tidal banks and the quantity of fresh water coming in is small compared 
with the total volume of water in the Estuary. Under these conditions the vertical 
salinity gradient is inappreciable. A vertical salinity gradient can be set up only 
when the velocity of the tidal stream is different at different depths, and the 
absence of a gradient in the Mersey indicates that the velocity is roughly the 
same from the surface to the bottom; this is borne out by direct measurements 
of the velocity at different depths. 


DISSOLVED OXYGEN CONCENTRATION 


When organic material is discharged into a river much of it is gradually 
decomposed by bacterial action into simpler substances and oxidised by dissolved 
oxygen in the water. Water exposed to air at atmospheric pressure is saturated 
with dissolved oxygen when it contains about 1 gm. of oxygen per 100 litres, the 
exact value depending on the salinity and temperature. When this concentration 
is reduced by oxidation of substances in the water, further oxygen is dissolved 
from the air at a rate which increases as the dissolved oxygen concentration in 
the water is reduced. The concentration of dissolved oxygen in the water at any 
time is thus the result of an equilibrium between the rate at which it is used and 
the rate at which fresh oxygen is absorbed from the air, so that the dissolved 
oxygen concentration in the water is lowered as the amount used for oxidation 
of organic matter is increased. The concentration of dissolved oxygen is 
therefore related to the concentration of oxidisable substances in the water, 
and in waters which are heavily polluted the concentration of dissolved oxygen 
may fall to zero. In an estuary which is unpolluted the water, under ordinary 
conditions, is almost or completely saturated with dissolved oxygen from the 
head of the estuary to the sea; this has been found, for example, in the estuary 
of the River Tay in Scotland™ and in other estuaries which were examined 
during the present investigation. In the Mersey the fresh water which is 
discharged into the Estuary at Warrington is heavily polluted and its dissolved 
oxygen concentration is very low. Moreover, further quantities of sewage and 
industrial effluents are discharged between Warrington and Widnes and, since 
the volume of water in these reaches of the Estuary is small, the effect of this 
polluting material is relatively large. Most of the sewage is discharged in the 
Narrows, where the quantity of water available for dilution is much greater, while 
at the seaward end of the Narrows sea water which is almost completely saturated 
with dissolved oxygen enters the Estuary on the flood tide. 


The results of determinations of the dissolved oxygen content of samples 
of Mersey Estuary water taken at different positions and at different states of the 
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tide are given in Table 12 (p. 220) and are shown graphically in Fig. 8, where the 
curve expressing the relation between the average salinity and dissolved oxygen 
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SALINITY : GRMS. PER 1000 GRMS. 
Fic. 8—Dissolved Oxygen Concentration in the Mersey Estuary in Water of 
Different Salinities 


The Curve shows the Mean Values 


concentration throughout the Estuary has been drawn. From this curve and 
from the curves in Fig. 7, showing the mean salinity at high and low water at 
different positions in the Estuary, further curves have been constructed. In 
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these curves (Fig. 9) are shown the mean dissolved oxygen concentrations at high 
and low water of a spring tide at different positions in the Estuary from a point 
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five miles below Warrington to the sea. The same information is shown 
diagrammatically in Fig. 10. The amount of oxygen in solution in the water in 
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the reaches of the Estuary between Warrington and Widnes is relatively low, 
but in the main body of the Estuary water, that is in the water which lies between 
Widnes and the sea at high tide, the dissolved oxygen concentration rises slowly 
from about 60 to 100 per cent. of the saturation value as the sea is approached. 
The deoxygenating effect of polluting material is thus much more severe at the 
head of the Estuary, where the quantity of water available for dilution is 
relatively smaller than it is in the reaches further seaward. 

It will be seen from Fig. 8 that the dissolved oxygen content of Mersey 
Estuary water of a given salinity is very variable, and it has not been found possible 
to explain the cause of the variations observed. In an estuary in which the input 
of polluting material does not vary significantly from day to day, and in which 
the hydrographical conditions do not change appreciably, the concentration of 
dissolved oxygen is usually largely dependent on the temperature of the water 
and is lowered by a rise in temperature, which increases the rate of oxidation 
of organic matter by bacterial action. In the Mersey, however, no consistent 
relation has been found between the concentration of dissolved oxygen and the 
temperature, and it is thought that this relation is complicated by other factors 
which affect the consumption or the re-absorption of dissolved oxygen. The rate 
of solution of oxygen by water is, for example, known to be increased if the 
surface of the water is agitated, as it is in the Estuary during rough weather. It 
is possible, too, that the input of polluting material may vary from day to day, 
for although the volume of sewage discharged is not likely to alter appreciably, 
the consumption of oxygen is partly due to trade effluents, some of which are 
discharged intermittently. It is known, however, that fluctuations in the dissolved 
oxygen content of the Estuary water do not occur rapidly since it has been found 
that if samples of water are taken at the position occupied by a float allowed 
to drift for 12 hours with the tidal stream in the Estuary, the dissolved oxygen’ 
content of the samples remains reasonably constant. It was thought, also, that the 
dissolved oxygen concentration might bear some relation to the range of tide in 
the Estuary. During spring tides the tidal stream runs at a high speed and more 
suspended matter, principally mud, is carried in the water than is the case during 
neaps. It seemed probable that the presence of this suspended matter might 
result in a lowering of the dissolved oxygen content of the water, either as a result 
of the oxidation of the organic matter of the mud or by the contribution by the 
mud to the bacterial population of the Estuary water. No consistent relation 
between the range of tide and the dissolved oxygen concentration has, however, 
been found. 

At a given position and time the dissolved oxygen concentration is approx1- 
mately the same at all depths; this can be seen from Table 12, where the dissolved 
oxygen contents of series of samples taken at the same positions but at different 
depths are given. 


OTHER DISSOLVED CONSTITUENTS 


One of the products of the decomposition of sewage and other similar nitro- 
genous material is ammonia, and the concentration of free and saline ammonia 
‘in water is often taken as an indication of the concentration of polluting material 
which it contains. A few determinations of ammonia in the Mersey have been 
made and the results are given in Table 14. The greatest concentration of 
ammonia occurs in water of low salinity in samples taken between Widnes and 
Warrington. The values observed in these reaches are high and indicate substantial 
pollution of the water by nitrogenous organic matter. The concentration of ammonia 
falls to low values as the sea is approached. 


TABLE 14—Concentration of Free and Saline Ammonia in Mersey Estuary Water 























Salinit | Free and saline ammonia 
Be abe iNesot © 4 (parts N per 100,000). 
1 ee samples. 
| Mean | Minimum. Maximum. 
Ots'3> > | 6 igo a ie ee key 
12to25 5 0-04 | 0-02 0-08 
25 to 30 24 0-02 0-01 | 0:03 
30 5 0-004 0-002 0-009 
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A few determinations of the concentration of organic carbon in solution were 
made and the results are given in Table 15. The concentration of soluble organic 
carbon is highest in the upper reaches of the Estuary. 


TABLE 15—Concentration of Soluble Organic Carbon in Mersey Estuary Water 

















Salinity (gm. No. of Soluble organic carbon. | 
per 1,000 gm.). samples. Mean values (parts C | 
| per 100,000). 

| 

| 

0-0°5 8 1-37 | 

9 1 1-46 | 

20-25 4 0-58 | 
26-29 5 0-34 | 





In Table 16 are shown the results of some determinations of sulphide in the 
Estuary water. Sulphides can be produced from sewage or other organic matter 
under anaerobic conditions but, in addition, in the Mersey a considerable quantity 
of sulphide is discharged in effluents such as those from tanneries where sodium 
sulphide is used to remove the hair from hides. It is believed also that some 
sulphide drains into the Estuary from the heaps of waste material which were 
produced when the “ black ash”’ process of soda manufacture was in use in the 
district. Soluble sulphide has been observed only in the reaches between Widnes 
and Warrington. 


TABLE 16.—Concentration of Sulphide in Mersey Estuary Water 


Sulphide (parts S per 100,000). 








a No. of 
Position. samples. 
Mean. | Minimum. Maximum. 
Warrington to Widnes .. dee 19 0-21 0 1-08 


Bele Widnes ot ee 3 0 0 0 | 





HYDROGEN ION CONCENTRATION 


The hydrogen ion concentration of sea water lies between values represented 
by £H 8-0 and 8-3. The observed fH values of some of the fresh-water streams 
entering the Estuary and of the Estuary water itself are given in Table 17. The 
reaction of some of the fresh-water streams, particularly that of Sankey Brook, 
varies considerably from time to time and may indicate that the stream carries 
intermittent discharges, some of which are of an acid and some of an alkaline 
nature. In the Estuary water, the mean #H value rises steadily from 7-2 at 
Warrington to 8-0 near the sea, but considerable variations from these mean 
values have been observed. It is possible that the samples with an abnormal 
reaction were taken from the neighbourhood of sewers discharging trade wastes 
containing acids or alkalis. Thus discharges from tanneries are usually alkaline 
since they contain water which has been used in liming pits, while the effluents 
from galvanising processes contain partly neutralised acid which has been used 
for cleaning steel. The extreme fH values recorded in the Estuary were 7-1 
and 8:4; these values fall within the range which may be observed in an 
unpolluted estuary. / 
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TABLE 17.—pH Value of the Estuary Water and of some Fresh-Water Streams 
which discharge into tt 















































pH value. 
/ No. of 
/ samples. | 
Mean. Maximum. Minimum. 
| River Alt I 6-6 — — 
Dibbin Brook 1 7°6 oe | a 
River Gowy 1 7:2 — | a 
Rams Brook 1 7:8 = | == 
Ditton Brook 2 8:0 8-1 7:8 / 
Sankey Brook .. 56 8+] 8:6 7:0 
River Mersey at Howley Weir. . 30 72 7:3 6:8 
| River Mersey at Warrington 
| Bridge 8 7-2 7°4 6-8 
| Mersey Estuary — 
Salinity 0-5 27 7:2 | 7°3 ri 
5-10 3 7:3 | 7:6 7-2 
10-15 8 7:4 7°8 73 
15-20 37 7°*6 a 72 
20-23 23 a7 | 8-2 7°3 
23-26 e yi 56 7a 8-2 7°2 
26-29... a3 121 7°8 8:3 7°4 
> 29 a ot 158 8-0 8-4 7°3 
SUMMARY 


The distribution of salinity in the Estuary at high and low water of spring 
and neap tides is described. There is no pronounced difference between the salinity 
of the water at different depths in any part of the Estuary. The concentration of 
dissolved oxygen at any given position is very variable. In the greater part of 
the Estuary water the mean value lies between 60 and 100 per cent. of the 
saturation value. The lowest concentrations are found in the shallow reaches 
above Widnes, where often at low water there may be little or no dissolved oxygen. 
The results of determinations of the concentration of free and saline ammonia, 
soluble organic carbon and sulphide are given. The concentrations of these 
substances, which may be regarded as indicators of the presence of polluting 
material, were greatest in the higher reaches, and fell off in the more seaward 
part of the Estuary. No abnormal values of hydrogen ion concentration were 
found in any part of the Estuary. 
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CHAPTER ITV 


DISTRIBUTION OF SEWAGE AFTER DISCHARGE INTO THE 
ESTUARY 


CONCENTRATION OF SEWAGE 


In attempting to assess the effect of sewage on the mud carried in suspension 
in the Estuary water, it is essential that an estimate of the approximate concen- 
tration of sewage at different points in the Estuary should first be obtained. 
When an effluent is discharged into a fresh-water stream, its concentration at 
a point sufficiently far below the outfall to allow of complete mixing can be 
calculated from the relative volumes of the effluent and the stream. The deter- 
mination of the concentration of sewage in the Estuary, however, is a more difficult 
problem. In the Estuary the sewage is discharged into a body of water the main 
movement of which is oscillatory as the result of tidal action. At the same time 
fresh water enters continuously from rivers draining into the Estuary, and on 
every tide part of the water near the mouth of the Estuary is carried out to sea 
and is replaced by new sea water. The water which is available for the dilution 
of the sewage is thus the fresh water entering the head of the Estuary and the new 
sea water entering at the mouth. In the case of the Mersey, however, the fresh 
water coming in from many of the tributary streams is itself polluted. If no change 
took place in the composition of sewage and industrial effluents after their 
discharge, the concentration which they would finally reach in the Estuary would 
be that resulting from their dilution with the fresh water and sea water which 
enter from streams and from the sea. It is known, however, that changes do take 
place in the composition of the organic matter of sewage when it is diluted with 
the water of the Estuary. This decomposition is partly brought about by the 
oxidation of organic matter\by the oxygen dissolved in the Estuary water and is 
the cause of the low level of dissolved oxygen observed. In addition, part of the 
organic matter of sewage may be removed by sedimentation and retained in the 
Estuary. In these circumstances the most satisfactory method of measuring 
the concentration of sewage at any time would be by a chemical method, by which 
the concentration at any point in the Estuary could be directly determined. No 
satisfactory direct method of this kind is, however, available, as the constituents 
of sewage which it is possible to estimate chemically are also present in the mud 
which is carried in suspension by the Estuary water. Other investigators have, for 
example, determined the concentration of both the carbon and nitrogen contained 
in the organic matter of sewage, but organic matter is also a constituent of mud, 
and in the Mersey it is difficult to differentiate by determinations of this kind 
between sewage and mud in suspension. 

An estimate of the concentration of sewage in the Mersey has, however, been 
made by another method. From the value of the mean salinity at different points 
along the Estuary the proportion of fresh water at these positions can be 
calculated. The volume of fresh water entering the Estuary from streams is known 
approximately, as is also the volume of water entering in the form of sewage. If 
it is assumed that complete mixing of the sewage and fresh water has occurred, 
the concentration of sewage at any point can be calculated from the percentage 
of fresh water present and from the proportion of sewage to fresh water entering 
the Estuary. It is assumed, also, in this calculation that when the water discharged 
in the form of sewage passes out to sea, the organic matter passes out with it. 
During a year of average rainfall, the estimated volume of fresh water discharged 
into the Estuary from streams, together with the volume of rain falling on the 
surface of the Estuary, is roughly 1003 million gallons in 24 hours (Chapter I1) ; 
the estimated volume of domestic sewage discharged in 24 hours is 35 million 
gallons. The volume of sewage is calculated on the assumption that the water 
consumption of the sewered population per head per day is 25 gallons; the figure 
does not include any allowance for trade wastes. On this basis, however, the 
proportion of the total input of fresh water which is discharged into the Estuary 
in the form of domestic sewage is approximately 3-4 per cent. From this figure 
and from salinity determinations in the Estuary, an estimate can be made of the 
concentration of sewage at high and low water at different points. The mean 
values of the salinity are taken from Fig. 7, and the estimated concentrations of 
sewage are shown in Table 18. 
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TABLE 18—Estimated Concentration of Sewage in the Mersey Estuary at High and 
Low Water of a Spring Tide 









































| { Approximate 
| Mean Proportion of Estimated volume of Percentage of 
salinity Se earns concentration water total volume 
Compart- Distance, (gm. per (per cent.) of sewage (millions of of water in 
ments below 1000 gm.). P He (per cent.). cu. yds. ona Estuary. 
between Warrington 31 ft, tide). 
sections, Bridge. 
High Low High Low High | Low High | Low | High Low 
water. | water. | water. | water. | water. | water. | water. | water. | water. | water. 
(miles) 
| 
0 to 47 29-224 30-0 26-4 11-8 22-3 0-40 0-76 | 311-6 | 148-8 34°3 77-9 
47 to 67A 224-18 28-4 21-9 16-5 35-6 0-56 1:21 | 307-6 39-1 33-9 20-5 
67A to 83 18-124 26-0 13-0 23-25 61-8 0-80 2:10 | 229-4 (2-0) 25-3 (1-0) 
83 to 100 123-10 23-2 5:9 31-8 82-6 1-08 2-81 33-9 (0-5) 2307) (0+3) 
100 to 160 10-0 11-0 2-4 67:6 92-9 2-30 3:16 D2, (0:5) 2-8 | (0-3) 




















In this Table the compartments into which the river is divided are those 
used by the Mersey Docks and Harbour Board in their calculations of the capacity 
of the Estuary. The volume of water in each portion is included to indicate the 
relative capacity of the compartments in which the concentration of sewage has 
been estimated. At high water the capacity of each compartment is taken as 
the volume of water which lies below the highest level reached by a spring tide, 
which at Prince’s Pier rises to a height of 31 feet above Liverpool Bay Datum. 
The method by which these volumes were calculated from soundings made by 
the Mersey Docks and Harbour Board is described in Chapter XXI. The volume 
at low water of a spring tide between Sections 0 to 47 and 47 to 67A was taken 
as the volume of water lying below Liverpool Bay Datum. This method gives 
a reasonably accurate estimate seaward of section 67A, but above this point the 
bed of the Estuary rises considerably and part of the low water channel lies above 
Liverpool Bay Datum. In the reaches between Widnes and Warrington at low 
water, the volume of water in the channels is mainly that resulting from the fresh- 
water flow, except that ‘‘ ponding”’ occurs in some places. It is difficult, therefore, 
to obtain an accurate estimate of the volume of water in these reaches at low 
water, and the figures given in brackets in Table 18 are only a rough approximation. 

The estimated average concentration of sewage in about 99 per cent. of the 
water in the Estuary at high water does not exceed 0-8 per cent. and in 98 per 
cent. of the total volume at low water it does not exceed 1-3 per cent. In obtaining 
these figures, however, only the domestic sewage discharged into the Estuary 
has been considered. It was calculated (Table 11, Chapter II) that, of the total 
amount of organic matter discharged into the Estuary, the proportion discharged 
in the form of domestic sewage was not greater than about 68 per cent.; in 
making this estimate only a part of the trade wastes discharged was considered. 
If it is assumed that 50 per cent. of the total organic matter discharged is in the 
form of sewage, the highest concentration of organic matter between Sections 0 
and 67A at low water would be equivalent to a concentration of sewage of about 
2-5 per cent. These figures give only the order of the amount of sewage present, 
but it may be said with certainty that in the bulk of the water in the Estuary, 
at both high and low tide, the concentration of organic matter does not exceed the 
equivalent of 5 per cent. of sewage. 

While this estimate may be reasonably accurate for the main volume of 
water in the Estuary below Widnes, it is probable that the effective concentration 
of sewage in the shallow reaches above Widnes is considerably higher than the 
figures calculated from the fresh water distribution. In these reaches the water 
from the Mersey, which is the main source of the new water available for the 
dilution of sewage, is itself polluted, and moreover a considerable proportion of 
the total load of organic matter is here discharged into a relatively small volume 
of tidal water. It has been shown that the high concentrations of organic matter 
present in these reaches result in a lower dissolved oxygen concentration than 
in any other part of the Estuary. 

Some idea of the extent of the pollution of the Estuary by sewage can be 
obtained by a comparison of the volume of sewage discharged per day and the 
total volume of water in the Estuary. The total volume of water in the Estuary 
between Rock Light and Runcorn Bridge at a high spring tide is roughly 32,000 
million gallons at low water and 150,000 million gallons at high water; the volume 
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of sewage discharged (not including trade effluents) is about 35 million gallons pet 
day. The quantity of domestic sewage discharged in one day, therefore, is 
about 0-11 per cent. of the volume of the Estuary at low water and 0-23 per cent. 
of its volume at high water. 


TIME OF RETENTION IN THE ESTUARY 


It is important in estimating the effect of polluting material in an estuary to 
obtain an estimate of the length of time which the material spends in the estuary 
before being carried out to sea. The seaward drift of water is due to the input 
of fresh water from rivers, usually at the head of the estuary, and the speed 
with which fresh water passes out to sea depends to a large extent on the size 
of the estuary and the relative volume of fresh water discharged into it. Under 
constant conditions of fresh-water flow and of range of tide the quantity of fresh 
water which passes out to sea during a tidal period of 12 hours would be equal 
to the volume of fresh water which enters the estuary during the same time. In 
the Mersey this condition does not actually occur, since the salinity of the water — 
in the Estuary is constantly changing as a result of changes in tidal conditions. 
If, however, the mean salinity over a long period and also the mean flow from fresh- 
water streams are known, the average length of time taken by fresh water to 
pass through the Estuary can be calculated. From the mean salinity, that is 
approximately the mean of the average salinity at high water and at low water 
for both spring and neap tides, and the corresponding mean capacity of the 
Estuary the mean volume of fresh water in the Estuary is first calculated. This 
volume, divided by the volume of fresh water discharged per day, represents the 
average time in days which would be taken by fresh water to pass from the head 
of the Estuary to the sea. The same length of time will be spent in the Estuary 
by sewage and other material, provided that it remains in suspension or solution 
in the water. An estimate of the time of retention in the Mersey Estuary of 
material discharged at different points is given in Table 19. 


TABLE 19—Estimated Time taken by Fresh Water to Pass Through the 
Mersey Estuary 


Volume of 
fresh water in| Estimated 
Distance compartment. | time taken 
Sebati Bae Approximate position of Mean of high by fresh 
etween Keane oe and low water water to 
gton compartments. . 
sections. Bode Springs and | pass through 
e Neaps. compartment. 
(millions of 
(miles) seme teS), (days) 
160 to 100 0 to 10 Warrington to Widnes 5°7 1-0 
100 to 83 10 to 124 Widnes to Hale : 4-2 0-7 
83 to 67A 1234 to 18 Hale to Mt. Manisty 23-0 3-8 
67A to 47 18 to 224 Mt. Manisty to Dingle 34:6 5:8 
47 to 0 22% to 29 Dingle to Rock Light : 36:9 6:2 
160 to 0 0 to 29 Warrington to Rock Light .. 109-2 17-5 


The volume of fresh water was calculated from the data given in Table 18, 
where the capacity and the proportion of fresh water at a spring tide are given, 
and from similar figures referring to neap tides, that is for tides rising to a height 
of not more than 25 ft. above Liverpool Bay Datum at Prince’s Pier. The method 
appears to give reasonably accurate results. In the Tees Estuary where nearly 
all the fresh water enters at a single point and where the water in the greater 
part of the Estuary is confined to a single channel, it was found that the time 
of retention of fresh water, calculated from salinity observations, agreed well 
with the similar figure found by the direct observation of floats”. It is probable 
that the greatest uncertainty occurs in the estimated time taken by fresh water 
to pass through the higher reaches of the Estuary. 

In addition to the method which has been described, an attempt has been 
made to measure directly the rate of travel of fresh water through the Mersey 
Estuary, by observing the position of a float allowed to drift freely. To obtain the 
mean value for the residual drift of a float seawards it is necessary to observe 
its position over at least one period of fourteen days, since the drift of the float 


DISTRIBUTION OF SEWAGE IN THE ESTUARY 41 


on any day depends on the tidal range. A fortnight, that is a half lunation, contains 
both spring and neap tides, allowing a mean result to be obtained. It was not 
found possible to follow a float during the hours of darkness owing to the difficulty 
of fixing its position and to the danger of stranding the boat on sand banks in the 
Estuary. Observations were, however, carried out during the period 28th August 
to 10th September, 1935, when the float was followed from 8 a.m. for a period 
of 12 hours on each day. There was one break in the sequence of drifts on 
9th September, when the motor boat broke down and it has been necessary to 
use estimated figures for this day. 

Each float drift was begun in mid-stream at a position about 14 miles above 
Rock Light. During the run of the float, station pointer “ fixes’’ were taken 
every fifteen minutes. The chief weakness of the method is that a float allowed 
to drift freely is liable to be held up by stranding or by being caught in a back- 
water. Its speed also depends to some extent on whether it remains in the centre 
of the channel or is out of the main current. Usually the float was allowed to 
drift by itself but if it stranded a second float was put in the water in mid-stream 
and, generally, an attempt was made to keep the float in a representative body 
of water. A series of float drifts taken over a fortnight really represents a single 
determination of the mean rate of travel seawards, and the result obtained is for 
this reason likely to be less accurate than that obtained from salinity measurements 
taken over a period of a few years. The data obtained from float observations 
are given in Table 20 (p. 233) and a summary of the results is shown in Table 21. 


TABLE 21—Summary of Results obtained from Float Drifts from Egremont Pier 
between 28th August and 10th September, 1935, divided into Springs and Neaps 















































Date. SPRINGS. | 
Time that float Distance float ey Saat | 
travelled on travelled on BE SIL 
1935 
Flood Ebb Flood Ebb Flood Ebb 
(hrs. min.) | (hrs. min.) (ft.) (ft.) (knots) (knots) 
Aug. 28 5°23 6-38 72,270 62,020 272) 1-54 
iy 29 5°15 6-45 55,580 54,650 1-74 1-33 
ae 4-45 7:10 56,280 80,855 1-95 1-86 
Bol 5°29 6-05 64,200 68,960 1-93 1-87 
Sept. 1 5:15 6-45 67,140 74,655 2-10 1-82 
i ie: 5-30 6-30 66,040 63,930 1-98 1-62 
5 10 5:30 6-30 55,525 76,770 1-66 1-94 
Total 37-07 46-23 437,035 481,840 1-94 1-71 
Per cent. 80-0 100 90-7 100 100 88-1 
Average distance water travelled seaward per tide (Springs) 6,400 ft. 
” ” ” ” ” per day ” 12,800 ” 
1935 | NEAPS. 
: | 
ent. 3 | 5°15 6-45 54,868 70,189 1°72 1-71 
OS = ae 6-00 6-00 60,236 49,155 1-68 1:35 
a. 3 . 6-15 5°45 50,384 49,329 1-33 1-4] 
i ae 6°15 5:45 54,224 45,500 1-43 1-30 
or, 5-30 6-30 42,317 | 42,366 1-27 1-07 
= 8 4-45 7°15 15,401 | 46,285 0:63 | 1-05 
ee 5:15 6:45 35,463. {| 61,527 i> 1 | 1-50 
Total pre 39°15 | 44-45 | $12,893 | 364,351 1:31 | 1-34 
Per cent. | ae ie 100 85-87 100 97-8 | 100 
Average distance water travelled seaward per tide (Neaps) 7,351 ft. 
o z de § DODO 14,702 ,, 
Average distance water travelled seaward per tide (Springs & Neaps) 6,876 ft. 
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On some days the float travelled a greater distance on the flood than on the 
ebb, and on other days it moved further on the ebb than on the flood. The average 
excess distance travelled on the ebb over that travelled on the flood was greater 
during neaps than during springs, and it is thought that this may be due to the 
greater effect of the fresh water flow during neaps, when there is a smaller volume 
of water in the Estuary than there is during springs. During the whole fortnight 
the float travelled a distance of about 96,000 feet further on the ebb than it did 
on the flood, the average daily excess being about 6,900 feet. This represents the 
average daily distance moved seaward during one of the two tides which occur 
in 24 hours, so that the average distance per day is twice this amount, that is 
about 13,800 feet. The float was in all cases started at the same point and this 
rate of travel applies only to material discharged at all states of the tide at that 
point, that is, at a distance of 1} miles above Rock Light. If it is assumed that 
the residual rate of travel of the float would have been constant throughout the 
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Fic. 11—Two Typical Float Runs in ihe Mersey Estuary (12 hours’ duration) 
Started A. At the beginning of the Flood (Springs) 
y B. At the beginning of the Ebb (Neaps) 
The Points on the Float Tracks indicate Fixes by Sextant Angles 
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Estuary, the time taken for it to pass from Warrington to Rock Light would 
have been 11-2 days. This figure compares with the value of 17-5 days obtained 
from a consideration of the salinity of the Estuary. In view of the approximate 
nature of the methods available the figures agree reasonably well and indicate 
that the average time of retention of material discharged at Warrington and 
remaining in suspension or solution is probably 1 to 3 weeks, while material 
discharged in the Narrows probably passes out to sea after a period of not longer 
than 1 week. The sewers usually discharge into the Estuary below half tide level ; 
as the greater part of the flow of sewage thus occurs when the tide is below half 
tide level, the time of retention of the sewage is probably somewhat greater than 
that calculated from float observations in which the float was started at all states 
of the tide. 

In these measurements the value which has been discussed is the residual 
seaward movement of water or other material in the Estuary. This relatively 
small residual seaward movement is the difference between the long distances 
travelled upstream on the flood and downstream on the ebb. The total distances 
travelled by floats during a tidal period may be seen from Table 20 and two 
examples of observed float drifts are shown in Fig. 11. Material discharged in the 
Narrows at low water may travel upstream almost as far as Widnes on a spring 
tide but unless retained on the banks or foreshore, it will return at low water 
to a point below the position at which it was discharged. The residual rate of 
travel seawards in the Narrows discussed above refers to the movement of the 
centre of oscillation of material discharged at a given point. When the centre 
of oscillation has reached Rock Light, the material at high water will be in the 
Upper Estuary above this point while at low water it will be in Liverpool Bay 
below it. A longer time than that calculated will thus be required before the 
material is completely out of the Upper Estuary at high water. The Upper 
Estuary is, however, an enclosed system and it is impossible for material to escape 
from it except by way of the Narrows. Liverpool Bay, on the other hand, is an 
open system and some of the water which passes into it from the Narrows during 
the ebb tide does not return into the Upper Estuary during the flood tide but 
is replaced by water from the sea. 

Observations have been taken from the three Light Vessels and at two boat 
stations in Liverpool Bay in an attempt to obtain some information on the rate 
at which fresh water in the Bay passes out to sea. In the method used, observations 
of the speed and direction of the tidal streams at depths of two fathoms and 
at 3 feet from the bottom were made at hourly intervals. The results were 
analysed by the method recommended by the Hydrographic Department of the 


“Beautort" 
If 


Boot é 
station IT 
re 


FORMBY 
ne Bar Lt y, 


—— 


ag 





oa CROSBY 
station I 
WATERLOO 


\ 


\ 


4 Sie se : LIVERPOOL. 


4 eee 


Velocity scale in knots 
fe} sa ~é ae “oe 1s 
re ale 





Seale of statute miles. 
re ARE ae Seem ean, oa 


ees 





BIRKENHEAD 


POINT OF AIR. 





Fic. 12—Liverpool Bay, showing Positions where Tidal Stream Observations were taken 
for Periods of 13 or 25 Hours at a Depth of 2 Fathoms 
The Arrows indicate the Direction and Velocity of the Current 
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Admiralty. In this method, the tidal streams, which are assumed to be equal 
in strength and opposite in direction on the flood and ebb, are separated from the 
residual current on which they are superimposed and the average strength and 
direction of this current is computed. The currents at the five stations, with those 
at two additional stations for which data were supplied by the Hydrographic 
Department of the Admiralty, are shown in Fig. 12. The currents have a general 
set to the north-west, that is, out of Liverpool Bay, and there is a drift of 
approximately 0-3 knot at the Bar Light Vessel. This drift would represent 
a travel of 7 nautical miles per day. From float measurements it was calculated 
that the average excess distance travelled seaward in the Narrows was about 
2 miles per day, and it is difficult to account for the much greater current found 
at the Bar. The Bar Light Vessel is anchored in deep water some miles seaward 
of the channel which runs between sand banks through the Bay, and at this 
position the current should not be unduly influenced by the presence of the 
channel. The currents at the Formby and Crosby Light Vessels, however, are 
controlled by the shape of the channel, the currents setting towards the concave 
side. If, however, the resultant of the currents at the two positions is computed, 
it is found to have almost exactly the same direction and nearly the same speed 
as the current at the Bar Light Ship. It is possible that the high current drift 
observed at the Bar may be due in part to the influence of the River Dee. It is 
possible also that there may be a circulatory movement of water in the Bay, 
although this has not been detected during the present investigation. Such 
a system might, for example, be set up if there is a current drift to the eastward 
inshore along the Welsh coast. 

From the open nature of Liverpool Bay, it must be a matter of considerable 
difficulty to estimate the rate at which substances discharged into it would pass 
out into the open sea. It seems probable, however, that this rate may be 
considerably higher than the rate of travel downstream of water in the enclosed 
upper basin of the Estuary. 


SUMMARY 


From determinations of salinity at high and low water in the Estuary, the 
mean proportion of fresh water at different positions has been calculated. The 
proportion of the total volume of fresh water entering the Estuary which is 
discharged in the form of sewage has also been estimated and the concentration 
of sewage in the Estuary water under average tidal conditions has been computed. 
At high water the average concentration of sewage in 99 per cent. of the Estuary 
water is estimated not to exceed 0:8 per cent., and at low water not to exceed 
1-3 per cent. in 98 per cent. of the total volume. In these calculations the organic 
matter discharged in the form of industrial wastes has not been considered. 

Estimates of the time taken by sewage to pass through the Upper Estuary 
to Liverpool Bay have been made by two methods. In the first method, based on 
the volume of fresh water in the Estuary and the volume of fresh water entering 
the Estuary daily, the estimated time taken for material to travel from Warrington 
to Rock Light was 17 to 18 days. In the second method, based on observations 
of free-drifting floats, the seaward rate of travel of material discharged in the 
Narrows was estimated at rather more than 2 nautical miles per day. If this 
rate of travel were constant throughout the Estuary, the time taken by material 
to travel from Warrington to Rock Light would be about 11 days. Current 
observations in Liverpool Bay suggest that water passing into the Bay from the 
Upper Estuary is rapidly replaced by new sea water. 
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CHAPTER V 


Sponth AL NATURE OR THE SGEDS OF THE EolUAKY 


AREA AND STABILITY OF INTER-TIDAL BANKS 


A map showing the general features of the Mersey Estuary and of Liverpool 
Bay is given as a frontispiece to this Report. In Liverpool Bay the navigable 
channel has a depth at low water of roughly 25 to 60 feet; the greater part of the 
remainder of the area 1s covered by comparatively shallow water or consists of 
tidal banks. Connected with both the Lancashire and Cheshire shores are fringes 
of tidal banks, and on the Lancashire side the river Alt passes through the shore 
banks to discharge into the main channel. In addition to the main channel there 
are subsidiary channels, which have cut off some of the shore banks to form 
islands at low water; the most important of the island banks are the Burbo Bank 
and Taylor’s Bank. The stream through the Narrows flows through a geological 
fault, which has been flooded by the sea and has a maximum depth of over 70 feet 
at low water. The total length of the Narrows is about 6 miles and its minimum 
width three quarters of a mile. The only tidal banks in this part of the Estuary 
consist of narrow fringes on both shores. Above the Narrows a comparatively 
deep channel, which in places is kept open by dredging, runs along the Cheshire 
side to Eastham where the Manchester Ship Canal begins, while another channel, 
also dredged, runs ciose to the Lancashire bank to the port of Garston. Above 
this point, however, the tidal basin becomes very shallow and at low water almost the 
whole of the area is occupied by dry banks. These banks are not all covered by 
neap tides but are entirely covered by high spring tides. The length of the shallow 
part of the Upper Estuary, that is, from Dingle to Runcorn Gap, is about 13 miles 
and the maximum width is about 3 miles. At Runcorn the basin narrows and 
passes through a rocky gap. Above this point it again broadens out into a smaller 
shallow basin, which later becomes narrower and continues as a narrow channel to 
Warrington. At Warrington the fresh water from the River Mersey enters the 
Estuary over a weir, and this point has been taken as the end of the estuarine 
part of the system, although at very high spring tides tidal water flows over the 
top of the weir and continues upstream for a further distance of about 5 miles. 
The distance between Runcorn and Warrington is about 10 miles. 

During the present investigation the tidal banks, both in the Bay and in the 
Upper Estuary, have been examined generally and a more detailed examination 
has been made of those which are considered to be of greatest importance. 

In Liverpool Bay the island banks should obviously be considered as part 
of the Mersey system, but the exact limits of the shore banks which should be 
considered are more difficult to define. The arbitrary limits chosen were, on the 
Lancashire coast, a line joining Formby Church and a landmark on the shore 
(The Flagstaff), this line being continued out over the shore banks into the Bay. 
On the Cheshire coast another line, drawn from the Point at Hoylake to Hilbre 
Island Mark, was used as the limiting line for the shore banks. It is difficult to 
say, however, which part of the banks in this region belongs to the Dee system 
and which part to the Mersey. Within the area bounded by these two lines and 
by the Cheshire and Lancashire coasts, the area of tidal banks examined at low 
water during spring tides was approximately 18-9 square miles. Of this area 
about 5:5 square miles are occupied by the Burbo Bank and Taylor’s Bank, 
which are islands, and about 13-4 square miles by the remaining shore banks. 
The total area examined was considerably less than that shown on the Mersey 
Docks and Harbour Board chart for 1931, where a total drying area of about 
26-5 square miles is given. This, however, is the area which dries on the low water 
' of a spring tide rising to a height of 31 feet above Bay Datum at Prince’s Pier. 
Except during these high spring tides the two banks, Spencer’s Spit and the 
North Bank on the Cheshire coast, are cut off from the shore by shallow channels. 
In many places the banks in Liverpool Bay rise sharply on the side nearest the 
river entrance and slope gradually away in a seaward direction. 
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In the Upper Estuary the area of the banks exposed at low water increases 
above the Narrows. In Table 22 the relative area of the Upper Estuary covered 
by inter-tidal banks is shown for each of the compartments used by the Mersey 
Docks and Harbour Board in calculating the capacity of the basin. 


TABLE 22—Relative Areas of Inter-Tidal Banks in Different Parts of the Estuary 

















eS Area of inter- 
Compartments oa eee Surface area Area of inter- tidal banks 
between aoe os : of compartment tidal banks (percentage of 
Warrington Bridge 
sections. : (sq. miles). (sq. miles). total area of 
(miles). 

compartment). 
0 to 21 29 to 26 2-385 0:°317 13 
21 to 47 26 to 22-5 3-060 0-527 17 
47 to 58 22-5 to 20-5 = Ov a 1-047 28 
58 to 67A 20-5 to 18 5-904 3-298 56 
67A to 74 18 to 15 6-538 4-966 76 
74 to 83 15'to: 1245 7°373 6-601 90 
83 to 100 12-5 ta10 2-096 1-664 79 
100 to 120 10 to 7:5 0-941 0-670 rh! 
0 to 120 29 to 725 32-014 19-090 60 

















The total area of tidal banks in the Upper Estuary between Sections 0 to 120, 
that is, between Rock Light and a point just below Fiddler’s Ferry, was about 
19-1 square miles in 1931; thus of the total area of about 37 square miles of 
tidal banks in the Upper Estuary and in the Bay, approximately half were in the 
Bay and half in the Upper Estuary. 


The general nature of the material forming the tidal banks and the bed of the 
channels in the Upper Estuary and in the Bay has been determined in the tidal 
banks by walking over and inspecting them at low tide, and in the bed by taking 
samples by dredging. During the examination of the tidal banks a general survey 
was made of the animals and plants inhabiting them, particular attention being 
paid to the burrowing animals living below the surface. This examination was 
made in order to obtain an estimate of the relative stability of the banks in 
different parts of the Estuary, since, in order that a tidal bank may support 
a population of burrowing animals, it is necessary that it should be comparatively 
stable. In a shifting bank burrowing organisms are liable to be crushed, suffocated 
or washed away. It is necessary, however, in making this comparison to take into 
consideration any other factors such as unsuitable conditions of salinity which 
might limit the distribution of burrowing animals. The survey was carried out 
mainly between May and October, 1933. The limits of the different types of bank 
were fixed by sextant angles and plotted by station pointer; in general, only the 
surface of the tidal banks was examined and the material of which this was 
composed was divided into “ uninhabited’’, “ sparsely inhabited’ and “ densely 
inhabited’ sand or mud, according to the relative density of the population of 
burrowing animals it supported. The position of the banks of each type is shown 
in Fig. 13C for the Upper Estuary and in Fig. 14C for Liverpool Bay. 


In the Upper Estuary the banks which line the low-water channel from 
Bromborough to Runcorn are largely composed of uninhabited sand which is 
often coarse and is frequently found in waves up to about 3 feet in height. The 
hollows between these waves are often covered bya thin layer of soft mud, which 
appears to have settled there on the previous ebb tide, since it is easily disturbed 
and the sand underneath is clean. Above Dungeon Point the sand grains appear 
to be finer and the surface of the banks is not in the form of large waves, although 
it may be rippled in places. The clean uninhabited sand gives way to flat wet 
patches of sand containing a few worms, usually the lug worm, Avenicola marina, 
and occasionally a small bivalve, Macoma balthica. This sand contains a little 
mud and its surface is usually flat. The main bank of densely inhabited sand 
adjoins the large mud bank at Stanlow and contains a fair proportion of mud. 
This type of sand is inhabited mainly by a crustacean, Corophium volutator, and 
the bivalve, Macoma balthica. A small tube-building worm, Pygospio elegans, 
is abundant in parts and the rag worm, Nereis diversicolor, occurs occasionally. 
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Fic. 13—(A) General Nature of the Bed of the Upper Mersey Estuary 
(B) Maximum Siream Velocities (ft. per sec.) referred to a 27-ft. Range of Tide. Dotted 
Lines show Limits of Areas in which Stream Velocities do not exceed 2:0 and 
3:0 ft. per sec. 
(C) Inhabited and Uninhabited Mud and Sand Banks in the Upper Mersey Estuary 
Only a small area of the Upper Estuary is covered by uninhabited mud, and 
where this occurs the mud forms a thin and unstable deposit. In 1933 there was 
a large patch of sparsely inhabited mud in the neighbourhood of the Weaver 
Sluices, but the greater part of this was later washed away. Except for small patches 
at Rock Ferry and along the Lancashire shore, the main bank of densely inhabited 
mud is confined to the Cheshire bank between Eastham and the Weaver. This 
mud is often very soft but after a period of neap tides it may become quite hard. 
Its surface is usually brown, though black mud occurs in some places below the 
‘surface. Its characteristic inhabitant is Nereis diversicolor, which occurs in 
abundance, while Macoma balthica, Corophium volutator and the small red 
oligochaete worm, Clitellio arenarius, are also very common. On its landward 
side the bank passes into a marsh thickly covered with vegetation which is used 
for grazing sheep. At Ince, a tongue of mud, called in this Report the “ Stanlow 


o 16972 ; E 


48 ESTUARY OF THE RIVER MERSEY 


Tongue,” is attached to the main mud bank and forms a high bank off the mouth 
of the river Gowy. The material of which the bank is composed is similar in some 
places to that of the main mud bank but in general it is different both in 
appearance and texture. The mud on the Tongue is mixed with a high proportion 
of sand and the surface is at times almost completely covered with sand. There 
are no deep drainage gullies such as there are on the main mud bank. Corophium 
and Macoma are more abundant and Nerers less abundant on the Tongue than 
on the main bank. The charts of the Upper Estuary show that, while the height 
of the main mud bank has been at least 20 feet above Liverpool Bay Datum 
since 1921, the height of the Stanlow Tongue was less than 20 feet above Datum 
in 1921, and some parts of it rose by more than 10 feet between 1926 and 1931. 
The relative areas of these different types of bank in the Estuary between Rock 
Light and Runcorn are shown in Table 23. 


TABLE 23—Inter-Tidal Areas of Mud and Sand in the Mersey Estuary from 
Runcorn Gap (Section 100) to Rock Light (Section 0)- 


























Area of each type of 
Type of Density of burrowing Area bank (percentage of 
bank. animals. (sq. miles). the total area of 
banks). 

Sand .. | Uninhabited .. ye 8-90 48-4 
Sparsely inhabited .. 1967 ae | 
Densely inhabited 0-68 on) 
Mud -» | Uninhabited .. Me 0-09 0:5 
Sparsely inhabited .. 0-61 3°3 
Densely inhabited .. 6-10 33° 1 
Shingle... — 0-23 1-2 
Rock % ~ = 0-13 7. 
Total ei: 18-41 100-0 














In Liverpool Bay about two-thirds of the area of tidal banks is composed 
of uninhabited sand which is often in waves; as in the Upper Estuary a thin film 
of mud is sometimes found in the hollows of these waves. The banks along the 
Lancashire shore consist in part of uninhabited sand mixed with some mud. 
There are extensive banks of sparsely inhabited sand, particularly along the 
Cheshire coast. The banks are inhabited by many species, which include several 
species of tube-building and other worms besides burrowing bivalves. The cockle 
Cardium edule is common. The banks of densely inhabited sand in different parts 
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Frc. 14—(A) Nature of the Sea Bottom in Liverpool Bay 
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Fic. 14—(B) Maximum Stream Velocities (ft. per sec.) observed in Liverpool Bay, referred to a 27-ft. 
Range of Tide. Dotted Lines show Limits of Areas in which Stream Velocities do 
not exceed 3 ft. per sec. 

(C) Inhabited and Uninhabited Sand and Mud Banks in Liverpool Bay. 


of Liverpool Bay contain different species. There are only small areas of 
uninhabited or sparsely inhabited mud and these appear to consist of a thin 
layer of ephemeral mud overlying sand. Densely inhabited mud is confined to 
two areas in sheltered positions, one in the valley of the Alt and one at Hoylake ; 
this mud contains Nereis, Corophium, cockles, and Macoma. Small areas of shingle 
and rock are found at Gladstone Dock and on the Cheshire coast. The relative 
proportions of the different types of bank in the Bay are given in Table 24. | 
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TABLE 24—Inter-Tidal Areas of Mud and Sand in Liverpool Bay 





























Area of each type of 
Type of Density of burrowing Area bank (percentage of 
bank. animals. (sq. miles). the total area of 
banks). 
Sand .» | Uninhabited ... 5 12-64 67-0 
Sparsely inhabited .. 3-49 18-5 
Densely inhabited .. 1-80 9-6 
Mud jt) Urine bred 3. a 0-16 0:8 
Sparsely inhabited .. O-17 0-9 
Densely inhabited .. 0-35 1-9 
DRIngIes |e — 0-26 1-4 
Total his 18-87 100-1 











The relative areas of the various types of sand and mud are widely different 
in Liverpool Bay and in the Upper Estuary; a comparison of the proportions of 
each type is shown in Table 25. 


TABLE 25—Comparison of the Inter-ITidal Areas of Sand and Mud Banks in the 
Upper Estuary and in Liverpool Bay 






































Area of each type of bank 
Area (sq. miles). (percentage of the total 
area of banks). 
Type of | Density of burrowing Total tat 
bank. animals. | 
(Upper (Upper 
Liverpool) Upper | Estuary | Liverpool} Upper | Estuary 
Bay. | Estuary. and Bay. | Estuary. and 
Liverpool Liverpool 
Bay). Bay). 
Sand... | Uninhabited 12-64 8-90 21°54 67 48 58 
Sparsely inhabited 3:49 1*G7 5:16 18 - 14 
Densely inhabited 1-80 0-68 2-48 10 4 7 
Mud .. | Uninhabited 0-16 0-09 0-25 1 1 1 
Sparsely inhabited 0-17 0-61 0-78 1 3 2 
Densely inhabited 0-35 6-10 6-45 zZ 33 17 
Shingle .. — 0+26 0-23 0-49 1 i 1 
Rocke — 0 0-13 Q-15 0 1 0 
Total 18-87 18-41 37-28 100 100 100 





























In the Upper Estuary about half and in Liverpool Bay about two-thirds of the 
total area of tidal banks consist of uninhabited sand. In the Upper Estuary, 
however, approximately one-third of the total drying area consists of densely 
inhabited and thus relatively stable mud, while in the Bay only a negligible pro- 
portion of the total area is composed of this material. 


A notable feature in the Upper Estuary is that the inter-tidal banks, the 
surfaces of which are composed of mud, lie almost entirely at a height of more 
than 20 ft. above Liverpool Bay Datum. For example, the main mud bank 
adjoining the Cheshire coast lies entirely above this height, and its edge is sharply 
differentiated from the sandy banks which adjoin it and which have a height 
of less than 20 ft. above Datum. In the Upper Estuary the greater part of the 
surface of banks lying above the 20-ft. contour consists of mud. The small sand 
banks above the 20-ft. contour are mostly above Hale, where the general level 
of the bed of the Estuary begins to rise steeply. In the Bay, however, the inter- 
tidal banks more than 20 ft. above Datum are not all composed of mud; thus 
the Great Burbo Bank, which has a maximum height of about 23 {t., consists almost 


entirely of sand. 


/ 
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In Figs. 13(A) and 14(A) is shown the whole of the information available on 
the nature of the bed of the Upper Estuary and of Liverpool Bay in 1933. This 
information was collected partly by walking over the inter-tidal banks and partly 
by the examination of numerous samples dredged from that part of the bed which 
is covered at low water. Many of the inter-tidal banks were re-surveyed in 1935, 
and their outline, as shown in Fig. 13(A), consequently differs slightly from 
that shown in Fig. 13(C), which was based on the survey carried out in 1933. 
In the Upper Estuary the chief additional information obtained in 1935 was on 
the nature of the bed of the Narrows, which was found to consist mainly of stone 
and shingle, with bare rockin places. At the mouth of the Narrows there is an area 
covered with clean sand. In the Upper Estuary there are only small areas of mud 
which are covered at low water; these occur mainly at the upper end of the 
Narrows. Dredgings were not taken over the whole area of Liverpool Bay, but 
the samples obtained indicate that the greater part of the bed consists of clean 
sand; some patches of mud were found in the Rock Channel and larger areas in 
the main channel. A line of dredgings also showed the presence of mud or of muddy 
sand in the Formby Channel, and the Admiralty Charts of the district show that 
this is continuous with a belt of muddy sand extending northward on the bed 
of the Irish Sea. The largest area of mud found in the Bay occurred in a patch 
about 3 miles in length, stretching as far seaward as the Bar Light Vessel. 


STREAM VELOCITIES IN CHANNELS AND OVER BANKS 


The causes which lead to the deposition of different types of material on 
different parts of the Estuary bed are not known, but it seems probable that the 
nature of the material of which the bed is composed at any period is dependent 
on the strength of the tidal streams passing over that part of the bed. During 
the present investigation, observations of the strength of the tidal streams have 
been made at 8 stations in the Narrows and 80 stations in the Upper Estuary 
below Runcorn. In addition 24 float drifts were observed, most of them passing 
through the Narrows and into the upper basin. At positions which did not dry 
out at low water observations were taken for a full period of flood or ebb. The 
greater part of the Upper Estuary, however, dries out at low water; here the 
positions were manned on the flood as soon as a dinghy could be dragged or floated 
to the station, and were abandoned on the ebb at the last opportunity of floating 
the dinghy off again. For stream velocities greater than about 1 foot per second 
the velocity was measured by a Watts current meter; below this velocity the stream 
was measured by captive floats, the amount of line which ran out in a given time 
being observed. Difficulties were experienced in using both methods. The 
current meter was found to work badly in rough water in the Upper Estuary, 
where a great deal of turbulence is caused by wave action. The captive floats 
used were almost entirely submerged, but were found to be affected to a small 
extent by the surface current set up by wind or by wave motion. The effect of 
wind might be considerable when a tidal stream of low velocity was being 
measured. In float drifts the kites used were much deeper and were less affected 
by surface conditions. 

Owing to the frequent movement of the banks and channels in the Upper 
Estuary, especially above Dungeon Point, the current conditions at any position 
do not as a rule remain constant for more than a day or two. The most stable 
conditions occur over the Stanlow Bank, which does not rapidly change its 
position or height. Thus in the Upper Estuary the stream velocities observed 
at any position are not constant for that position, but indicate only the stream 
velocities found in that part of the Estuary over a bank of the same height as that 
which was present on the day when the observations were made. In general, 
in all parts of the Upper Estuary the stream velocity in the channels was always 
found to be greatest before the banks were covered. After the banks were 
covered there was no large difference between the stream velocity in positions 
over the banks and in the channels. 

In Liverpool Bay work with a small boat could only be carried out in calm 
weather. Current observations, however, were taken from the three Light Vessels 
in the main channel, hourly readings being taken for periods of 24 hours. These 
observations were made at the surface and at a depth of 2 fathoms with captive 
floats and at a distance of 3 ft. from the bottom with an Ekman current meter. 
Similar observations were made at two other positions in the Bay. At other 
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stations the stream velocity was measured with a Watts current meter or with 
captive floats, in some cases working from a small boat over drying banks as in 
the Upper Estuary. Float drifts in the main channel and from the dredging 
deposit sites were also observed. In addition to observations taken at 20 fixed 
stations in the Bay during the present investigation, information has been 
obtained where possible on stream observations made by the Hydrographic Depart- 
ment of the Admiralty. 

It was found impossible to determine the stream velocities at all stations on 
the same range of tide and the velocities observed have, therefore, been reduced 
to the velocities for a standard tide with a range of 27 feet. The calculated velocity 
was obtained from the observed value by the following equation :— 


Velocity observed X< 27 


Range of tide in feet on 
day of observations. 


This method is probably admissible for tidal streams in the main channel in 
Liverpool Bay, but it gives only a rough approximation for tidal streams taken — 
over drying banks; in such positions the velocity observed is dependent on the 
height of the bank in relation to the surrounding banks. It is considered, however, 
that the results obtained by this method do give a rough picture of the general 
distribution of tidal velocities in the Estuary. 

In the Bay the highest stream velocity was found in the Crosby Channel 
between 1 and 2 hours after low water, the streams becoming slower as the inter- 
tidal banks were covered. In the Narrows the strength of the tidal stream rises 
to a maximum at about half tide. At higher positions in the Upper Estuary the 
stream velocity curve during the tidal period is asymmetrical. At the beginning 
of the flood the stream, especially in the channels, runs at a very high speed, 
but as soon as the banks are covered the velocity drops to about half its maximum 
value. During the ebb the stream runs at a more steady rate and does not usually 
reach the same high velocity as at the beginning of the flood. These conditions 
are particularly pronounced above Runcorn, where at spring tides there is a small 
bore at the beginning of the flood. Two typical stream velocity curves, one from 
observations in the Narrows and one off Hale Lighthouse, are shown in Fig. 15. 
In Figs. 13(B) and 14(B) are shown the maximum stream velocities found in the 
Upper Estuary and in the Bay, reduced to the estimated velocities for a tide 
of a range of 27 feet. Contours have been drawn for velocities of 2 and 3 feet 
per second. In the Upper Estuary the contours follow closely the line of the 
Stanlow Bank, over which no velocity greater than 3 feet per second was found. 
In Liverpool Bay the contour for 3 feet per second similarly follows the general 
outline of the Great Burbo Bank. 
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Fic. 15—Typical Stream Velocity Curves in Two Positions in the 
Upper Mersey Estuary 
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The difference between the strength of the tidal stream in the channel running 
on the outside of the upper part of the Stanlow Bank and the strength of the 
stream over the surface of the bank is indicated by Fig. 16. This figure refers to 
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Fic. 16—Stream Velocity over Stanlow Bank and in the Channel adjoining the Mud Bank 


two sets of observations taken at the same time, one at a position in the channel 
a few yards outside the edge of the Stanlow Bank and a second at a position over 
the surface of the bank, also a few yards from the edge. In the channel the stream 
velocity during the time that the bank was uncovered was relatively high; by 
the time the bank was covered the velocity had dropped considerably and the 
speed of the current over the bank never exceeded 2:5 feet per second. The 
highest velocity recorded over the bank occurred immediately after it had been 
covered. 

It seems evident that the sharp division in the Upper Estuary between the 
mud banks and sand banks is correlated with the equally sharp division in the 
velocity of the tidal streams. The Stanlow Bank occupies an area over which 
the stream velocity is now low, while high sand banks in the centre and on the 
Lancashire side of the basin are subject to relatively high stream velocities. In 
order to alter this distribution of mud and sand it would appear that a change 
in the position of the main channel in the Upper Estuary must first occur. The 
factors which determine the position of the channel are not known, but it would 
seem that its position is not primarily determined by the difficulty of erosion 
of the banks between which it passes, since for the greater part of its length it is 
contained by banks mainly composed of sand which would be easily eroded if 
other factors tended to cause the channel to alter its course. 


SUMMARY 
In 1933 a survey of the drying banks in the Upper Estuary and in Liverpool 
Bay was made and the banks were classified as “ uninhabited,” “ sparsely 


inhabited ”’ or “ densely inhabited’ sand or mud according to the numbers of 
burrowing animals they contained. The density of burrowing animals is related 
to the stability of the banks, since a permanent burrowing population can exist 
only in a bank which is not subject to frequent movement. The banks in the 
Upper Estuary consisted mainly of inhabited mud and uninhabited sand. In the 
Bay there was very little mud; about two-thirds of the total area of drying banks 
consisted of uninhabited sand and most of the remainder was inhabited or sparsely 
inhabited sand. An examination of dredged samples showed that mud or muddy 
sand occurred on the bottom in some parts of the Bay which are covered at low 
water ; in the Upper Estuary, very little mud was found at the bottom of the low 
water channels. 

The distribution of mud and sand in the Upper Estuary is correlated with 
the strength of the tidal streams; the velocity over the surface of mud banks 
is lower than that over sand banks, since the mud banks are higher than the 
sand banks and are covered only near the time of high water. In the Bay the 
stream velocities are lowest over the surface of the drying banks. 
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CHAPTER VI 


COMPOSITION OF THE DEPOSITS IN THE ESTUARY 


INORGANIC CONSTITUENTS AND ORGANIC CONTENT 


From the preliminary survey described in the previous Chapter, it was 
concluded that the large mud bank which adjoins the Cheshire shore and stretches 
from the River Weaver to Mount Manisty contains almost the whole of the mud 
in the Upper Estuary. Mud was found over small areas only and in negligible 
amounts in other parts of the basin. The remainder of the inter-tidal deposits 
consisted almost entirely of sand, which in places was clean and in other places 
was mixed with a small proportion of mud. If the presence of sewage in the Estuary 
water has caused any change in the composition of the inter-tidal deposits the 
effect of the sewage should be most clearly evident in deposits of mud rather 
than in sand. It was decided, therefore, to examine in some detail the deposits 
of mud forming the main mud bank off Stanlow. The area examined in detail 
is clearly defined, since the outer edge of the bank is for a large part of its length 
bounded by a fret, and there is in general an abrupt transition from the mud bank 
to the sand banks lying outside it. Numerous samples from the Stanlow Bank 
were examined in order to determine whether the bank is on the whole homogeneous 
in character or whether patches of mud of abnormal composition occur. There 
are no large sewers discharging over any part of the Stanlow Bank; the only 
discharges directly affecting it are those from three small sewers which empty 
into gulleys draining the bank. Most of the large sewers emptying into the Estuary 
are situated in positions past which the tidal stream runs strongly, as for example 
in the Narrows, and consequently there are no large deposits of mud in the 
immediate neighbourhood of these outfalls. 


The majority of the samples from the Stanlow Bank were taken from the 
surface, though some were taken at different depths below the surface and 
from the sides and bottom of drainage gulleys in the bank. The position of each 
sample was fixed by sextant angles between permanent marks on the shore. 


The methods of analysis of the samples were chosen mainly to yield 
information on the nature of the inorganic constituents and on the concentration 
of organic matter. For the inorganic constituents, the methods usually employed 
in soil analysis were used, determinations being made of silica, ““ sesquioxides ”’, 
and, in some cases, iron, calcium and magnesium. In the Mersey, the sand appears 
to consist almost entirely of silica. On the Stanlow Bank this is mixed with 
varying proportions of clay and silt to form mud. _Silts, which consist of relatively 
coarse particles, and clays, which contain finer particles, in general contain 
alumino-silicates of varying composition; most of them include not only silica 
and alumina but also iron and calcium. In the analysis of soils, alumina and 
ferric oxide can be conveniently determined together, and this value, usually 
called in soil literature “‘ sesquioxides ’’, is often taken as a measure of the amount 
of alumino-silicates. ‘‘ Sesquioxides’’, as determined gravimetrically, may 
contain phosphorus and other elements, the proportion of which is however 
usually small compared with the amount of alumina and iron. Clay also 
contains a fairly high proportion of water which is not lost by drying at 105° C. 
in the determination of moisture, but is lost when the mud is ignited. 
The material lost on ignition therefore consists mainly of the bound water of the 
clay with organic matter and the carbon dioxide from any carbonates present. 
As a measure of the amount of organic matter in mud the concentrations of organic 
carbon and of Kjeldahl nitrogen were determined. Besides giving information 
on the amount of organic matter in a mud, some information on the 
nature of the organic matter is given by the ratio of the amount of organic carbon 
to nitrogen. 


The results of analysis of the samples of mud from the Stanlow Bank and of 
a few samples from other parts of the Upper Estuary are given in Table 26 (p. 240). 
In Fig. 17 is shown the relation between the silica and sesquioxide contents of 
the samples examined. The relation between the sesquioxide content, which 
may be taken as a measure of the amount of clay and silt present, and the silica 
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content is a straight line, which, if produced, would cut the axis for silica at a 
value of about 100 per cent. silica, representing a pure siliceous sand. The relation 
may be taken to indicate that the samples from the Stanlow Bank consist of a 
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Fic. 17—Relation between the Contents of Silica and Sesquioxides in Samples 
from Inter-Tidal Deposits in the Upper Mersey Estuary 


mixture of varying proportions of clay and silt, containing alumino-silicates, 
with siliceous sand. There are also well defined relationships between both the 
alumina and ferric oxide contents and the silica content (Fig. 18). 
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Fic. 18—Relation between the Contents of Aluminium Oxide, Ferric Oxide and Silica 
in Mersey Muds 


The relation between the silica and moisture contents of Mersey muds is 
shown graphically in Fig. 19. The samples examined were taken in both wet 
and dry weather after neap tides, in which the Stanlow Bank is in places uncovered 
at high water, and after spring tides in which all the bank is covered. The moisture 
content of the bank fluctuates considerably according to whether or not it has 
recently been covered with water, but if the mean of all the samples is taken it 
is evident that the mean moisture content is related to the proportion of sand 
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Fic. 19—Relation between the Contents of Silica and Moisture in Mersey Muds 


present. For the greater part of the silica range the silica-moisture curve is a 
straight line; the departure from this relationship in samples with a low silica 
content is due to the fact that a number of samples of slurry were included. The 
slurry consisted of semi-liquid recently eroded mud, usually found on the sides of 
drainage gulleys. 

In Fig. 20 is shown, for a smaller number of samples, the relation between 
the mean silica and the mean calcium contents of muds. The curve indicates 
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Fic. 20— Relation betwéen the Contents of Silica and Calcium Oxide in Samples from the 
Inter-Tidal Banks of the Upper Mersey Estuary 
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that there is a general relation between these two quantities; it is probable that 
the amount of calcium is considerably influenced by the presence of fragments 
of the calcareous shells of marine animals. 

In Fig. 21 is shown the mean relation between the silica and the organic 
carbon contents of the Stanlow muds. There is a well-marked relation between 
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Fic. 21—Relation between the Content of Silica and the Content of Organic Carbon and Loss on 
Ignition in Samples from Inter-Tidal Deposits in the Upper Mersey Estuary 




















7, OF DRY WEIGHT. 




















ORGANIC CARBON : 


45 50 60 70 80 20 


sitica: %% OF DRY WEIGHT. 


Fic. 22—Relation between the Contents of Silica and Organic Carbon in Muds 
from the Upper Mersey Estuary 
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the proportion of silica in the samples and the amount of organic carbon present, 
the relation between the two quantities being expressed by a curve which for the 
greater part of the silica range is almost a straight line. This important relation 
is shown in another form in Fig. 22 where the values for the organic carbon and 
silica contents of individual samples are plotted. The extent of the departure of 
individual points from the mean curve shown in Fig. 21 is about the same when 
any constituent of the mud is plotted against the silica content. In Fig. 22 it 
is evident that the majority of the points shown conform to the general relation 
between the proportion of silica and the proportion of organic matter present. 
A few points lie outside the band formed by the majority but the diagram indicates 
that the composition of the mud in the different samples was about the same. 
The highest content of organic carbon found in any sample examined was less 
than 4-5 per cent. of the dry weight and in the majority of samples the amount 
was less than 4 per cent. The relation between the silica and nitrogen contents 
of the muds examined is expressed by a curve similar to that giving the relation 
between silica and organic carbon. 


In Fig. 21 is also shown the relation between the silica content and the loss 
on ignition for the Stanlow series of muds. This relation is expressed by a straight 
line which fits closely the points on the graph. It is evident that the loss on ignition 
must be largely proportional to the amount of clay present, since an important 
component of the loss on ignition is the bound water of the clay. 


The relation between the organic carbon and the Kjeldahl nitrogen is shown 
in Fig. 23, where the individual values have been plotted, and in Fig. 24, where 
the relation between the means of groups of values is given. It will be seen from 
Fig. 23 that the contents of organic carbon and of Kjeldahl nitrogen are fairly 
closely related, though a few points fall outside the main array. Some factors 
which affect the variability of the carbon-nitrogen ratio in muds are discussed 
in Chapter [X. The mean curve in Fig. 24 approximates to a straight line in which 
the carbon-nitrogen ratio is 10. It is often stated that the carbon-nitrogen 
ratio is an indication of the source of the organic matter in mud, the ratio being 
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KJELDAHL NITROGEN: ‘% OF DRY WEIGHT. 


Fic. 23—Kelation between the Contents of Organic Carbon and Kjeldahl Nitrogen in 
Muds from the Upper Mersey Estuary 
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higher for organic matter of vegetable origin than for organic matter of animal 
origin. The results in Fig. 23, however, indicate that, even in a mud bank which 
appears to be homogeneous, the ratio may vary within wide limits: large numbers 
of samples from a mud deposit should be examined before any conclusions on the 


origin of the organic matter present are drawn from a consideration of the carbon- 
nitrogen ratio. 
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The number of determinations is shown against each point 


Fic. 24—Relation between the Contents of Organic Carbon and Kjeldahl Nitrogen 
in Samples from the Inter-Tidal Deposits in the Upper Mersey Estuary 


MATERIAL EXTRACTED BY PETROLEUM ETHER 


During this investigation several attempts were made to determine the 
nature of the organic matter in estuarine mud, particular attention being paid 
to constituents which might throw some light on the original source of the organic 
material. No reliable method was found for distinguishing between organic 
matter of vegetable and animal origin, but a promising method appeared to be 
the determination of the content of ether-soluble substances in the organic matter 
in the mud. The content of ether extractives of sewage and of sewage sludges 
is high; thus in seven samples of crude sewage the ether extractive varied between 
3°3 and 24-4 per cent. of the total solids or between 16-2 and 56-0 per cent. of 
the suspended solids. Some of these sewages contained trade wastes, including 
tannery effluents and wool-scouring wastes. The percentage of fat in crude 
sewage sludges has been put at 29-5 per cent. by Hoyle, and at 21-0 to 22-0 per 
cent. by Coste ; these workers gave the fat content of digested sludges as 12-2 per 
cent. and 7-0 to 8-0 per cent. The fat content of vegetable organic matter is 
usually much lower. In determining the fat content of a mud, diethyl ether is 
unsuitable as it dissolves iron salts. Extractions were therefore carried out with 
petroleum ether which dissolves fatty material and also a certain amount of 
elementary sulphur which is often present in mud; the sulphur must be removed 
by a second extraction of the fatty material, using only a small quantity of 
petroleum ether. It is probable that the material ultimately extracted contains 
substances other than fats. The content of petroleum ether extractives in samples 
from the Stanlow Bank is given in Table 27. The extraction was carried out 
in some cases on the sample as taken, but in a few samples the sand was first 
separated from the mud by fractional sedimentation in water. The quantity 
of extractive per unit weight of organic carbon in all the samples examined was 
reasonably constant at a value of about 1 per cent. by weight of the organic carbon 
present in the muds. 
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TABLE 27.—Content of Material extracted by Petroleum Ether in Muds from the 
Stanlow Bank, Upper Mersey Estuary 




















: Petroleum 
Percentage of dry weight. ies 
é +e extract 
ample No. (gm. per 
Bats Organic 100 gm. of 
: bon. organic 
extractives. coe 8 
carbon). 
S 314 By. Ae a 0-026 2-28 
0-045 2-28 1-5 
0-030 2-28 
Sollee are a 0-020 3°01 
0-023 3-01 0:6 
0-016 J 3°01 
S12 ae ip aK 0-013 1-62 0-8 
$2105 ae ks 44 0-082 2°63 3:1 
See ne ae ar 0-041 3-06 1-3 
S 209 a ae a 0-032 2°73 1-2 
S 165 ae 4; an 0-013 1-42 0-9 
S 180 ae de a 0-023 1-93 1-2 
S 304 *, Y. se, 0-013 — — 
S 302 re sh 4; 0-027 — = 
S 303 ee a ap 0-015 — == 
S 301 i ok, 5s 0-014 = ene 
S 344 A xt sr 0-029 2°25 1:3 
Seo4o we es 2a 0-042 4-25 1:0 
S 339 os ne - 0-018 1-84 1-0 
S 345 ey a CA 0-022 2-26 1-0 
Average values .. ae 0:027 2-49 PeZ 
Samples after removing 
sand by _ fractional 
sedimentation :— 
S 286 ne a a 0-053 3°49 1-5 
SeZ87, i Ne be 0-051 2°97 1-7 
S 285 a ie Ag 0-007 3:48 0-2 
S 288 ae ed a 0-020 3:09 0:6 
Srl ee xe tn 0-007 2-06 0-3 
S 290 ae a Be 0-011 2-78 0-4 
Average values .. oF 0-025 2-98 0-8 




















SULPHUR CONTENT 


A general examination of the Stanlow Bank showed that the surface layer 
of the mud consists of light brown material, but that below the surface the mud 
is often black. When the black mud is exposed to the air, as, for example, 
after erosion of the edge of the bank by fretting, the black mud rapidly becomes 
light brown in colour. The black colour of sub-surface mud is due to the presence 
of ferrous sulphide. In determining the distribution of sulphide in different 
parts of the bank it is evident that the distribution of all forms of sulphur should 
be considered, since the sulphide in mud which has been maintained under 
- anaerobic conditions can readily be changed to other forms of sulphur when the 
mud is exposed to the air. The presence of ferrous sulphide in mud has been 
ascribed to various causes. It may be produced by way of the bacterial decom- 
position of organic matter containing sulphur. On the other hand, it is known that 
certain bacteria in the presence of organic matter can reduce sulphates to sulphides ; 
this reaction probably accounts for the presence of ferrous sulphide in marine 
muds in many parts of the world. 


The changes in the distribution of sulphur which can occur in Mersey mud 
under different conditions were followed in some laboratory experiments. Samples 
of brown Mersey mud were allowed to stand in stoppered jars and sub-samples 
were removed at intervals for the determination of total sulphur and of sulphide, 
sulphate, and elementary sulphur; the results obtained in one experiment are 
given in Table 28. J 
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TABLE 28.—Changes in Distribution of Sulphur in Brown Mersey Mud incubated at 
18-3° C. in Stoppered Jars 





Sulphur (S as per cent. of dry weight). 











Time Moisture 
(days). (per cent.). Total Elementary . 
sulphur. Sulphate. sulphur. Sulphide. 

0 73-2 0-44 0-17 0-24 0-029 
3 68-0 0-44 0-14 0-23 0-053 
4 66-9 0-44 0-14 0-22 0-059 
5 66-0 0-43 0-12 0-23 0-067 
6 66-0 0-44 O-11 0-23 0-076 























During the six days on which determinations were made, the total sulphur 
found remained constant within the limits of analytical error; the concentration 
of elementary sulphur similarly showed no wide fluctuation. On the other hand, 
the concentration of sulphate fell steadily during the period of the experiment, 
while the concentration of sulphide rose by an amount which was approximately 
equivalent to the loss of sulphur from the sulphate. In a second experiment, 
samples of a black Mersey mud which had been taken from below the surface of 
the Stanlow Bank were set out in open Petri dishes and allowed to dry at air 
temperature; the changes in the distribution of sulphur during this process are 
shown in Table 29. In this case the concentration of total sulphur again remained 
unchanged during the experiment, as did also the concentration of sulphate 
sulphur. The concentration of sulphur present as sulphide, however, fell to zero 
by the sixth day and the figures show that the sulphide had been converted to 
elementary sulphur. 
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SULPHIDE : 
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Curve I. No Na,SO, added. 
+ Li eliminot 10 per cent. Na,SO, solution added to 200 gm. wet mud. 
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Fic. 25—Effect of the Addition of Sodium Sulphate on the Production of 
Sulphide in a Mud stored Anaerobically 
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TABLE 29—Changes in Distribution of Sulphur in Black Mersey Mud allowed to dry 
im Petri Dishes at Room Temperature 





Sulphur (S as per cent. of dry weight). 








Time Moisture 
(days). (per cent.). Total Elementary ; 
sulphur. Sulphate. sulphur. Sulphide. 

0 50-1 0-74 0-09 0-27 0-38 
3 35°8 0-75 0-10 0-35 0-30 
4 25°3 0-75 0-10 0-38 0-27 
5 22-7 0-74 0-09 0-45 0-20 
6 4-9 0-75 0-09 0-66 0 




















The conversion of sulphate to sulphide in muds kept under anaerobic conditions 
was shown in a third experiment in which samples of brown Mersey muds mixed 
with different amounts of sodium sulphate were allowed to stand in stoppered 
jars. The results obtained in this experiment are shown in Fig. 25. The addition 
of increasing concentrations of sodium sulphate caused the production of increasing 
amounts of sulphide. 

It thus appears that the presence of sulphide in a mud bank depends mainly 
on the extent to which the mud comes into contact with the air or with water 
containing dissolved oxygen. Some determinations, however, were made of the 
concentration of sulphide sulphur in the Stanlow Bank and the results are shown 
in Table 30. 


TABLE 30—Drsiribution of Sulphides in Mud from the Stanlow Bank, 

















Upper Mersey Estuary 
Sulphide content of 0 0 0-03 0-06 0-09 0-12 0-15 
mud (S as per cent. to to to to to to 
of dry weight) 0-03 0-06 0-09 0-12 0-15 0-18 
No. of samples 56 12 19 17 6 3 2 
Percentage of total 48-7 10-4 16-5 14-8 5:2 2:6 1-7 
number of samples 
examined 





























About half the samples examined contained no sulphide, while the highest 
value found was about 0-18 per cent. of sulphide expressed in terms of sulphur. 
Most of these samples, however, were taken from the top layer of the mud bank; 
the concentration of sulphide found would have been higher if sub-surface samples 
had been considered. The concentration of all forms of sulphur in a series of 
Stanlow muds is given in Table 31. 


TABLE 31—Disinibution of Total Sulphur in Mud from the Stanlow Bank, 
Upper Mersey Estuary 


























Total sulphur content 0 0-07 0-13 0-19 0-25 0-31 0:37 
(per cent. of dry to to to to to to to 
weight) 0-07 0-13 0-19 0:25 0-31 0-37 0-43 

No. of samples 12 6 = ) 4 2 o 

Percentage of total 
number of samples 30-0 15-0 22°5 12-5 10-0 5:0 5:0 
examined 

| 











These values represent the maximum concentration of sulphide sulphur 
possible in the muds considered if all forms of sulphur had been converted to 
sulphide. Sea water however contains an appreciable amount of sulphate, and 
a mud bank may convert this sulphate to sulphide, as did samples of mud stored 
in the laboratory with solutions of sodium sulphate. The determination of sulphide 
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may throw some light on the availability of the organic matter of mud for bacterial 
action, but it is not considered that the presence of sulphide gives any direct 
evidence of the presence or absence of sewage or other polluting material in 
a mud. It is well known that muds, in polluted or unpolluted localities, often 
contain black ferrous sulphide beneath the surface. 


BIOCHEMICAL OXYGEN DEMAND 


When organic matter is diluted with a large quantity of water containing 
dissolved air it is usually found that bacterial action begins and that part of the 
organic matter is oxidised, the oxygen used being taken from solution in the 
diluting water. This process is known to occur in the Mersey Estuary, and for 
this reason the dissolved oxygen content of the water is usually less than the 
saturation value. An attempt was made to determine the extent to which the 
organic matter of Mersey mud is capable of being oxidised biologically at the 
expense of the dissolved oxygen of the water in which it is suspended. The value 
was determined by measuring the weight of dissolved oxygen used per gm. of 
mud when a mud suspension in water was allowed to stand for 5 days at 
a temperature of 18-3° C. in completely full, stoppered bottles. It was found that 
the biochemical oxygen demand of mud depended largely on the efficiency with 
which the mud was kept in suspension during the determination. In all later 
experiments, therefore, the bottles were slowly rotated in a wheel to ensure that 
the mud did not settle to the bottom of the bottles during the 5-day period. The 
results of these determinations are given in Table 32. The values obtained range 
from 0 to 0-34 gm. of oxygen absorbed per 100 gm. (dry weight) of mud. 


TABLE 32—Bvrochemical Oxygen Demand of Mud from the Stanlow Bank, 
Upper Mersey Estuary 






































Biochemical oxygen este: 
demand (gm. oxygen 
per 100 gm. In tap In sea 
dry wt. of mud). water. water. 
0 to 0-04 ee 7 1 
0:04 to0:08 .. e 19 6 
OF0S to UeI2 . ays 21 a | 
| | | 
O12 to-O21G7 ©. ee it a | 
(1Git0.0° 20. sac? 5, | 4 aa 
MOR 200 0-240 52° 1 4 
0-24 to 0°28" .. os 0 1 
[0-28 100-34 2... | 0 r 











In Chapter III it was pointed out that the concentration of dissolved oxygen 
in the water of the Upper Estuary is in most parts well below saturation value. 
From the determinations made it cannot be said to what extent the mud carried 
in suspension in the Mersey, as distinct from the organic matter discharged in the 
form of sewage and industrial wastes, is responsible for this oxygen deficiency. 
It seems unlikely, however, that the presence of the mud is largely responsible for 
the deficiency since the examination of several estuaries, which are unpolluted by 
sewage or by industrial discharges but which contain large quantities of mud, gave 
concentrations of dissolved oxygen not significantly below the saturation value. 


SUB-SURFACE DEPOSITS 


The majority of the samples of mud examined were taken from the surface 
of inter-tidal deposits in the Upper Estuary. Although the area of mud banks in 
the upper basin at the time of this investigation is known, little or no information 
is available on the amount of mud in the Estuary before the investigation was 
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made. Moreover, owing to the continual changes which take place in the distri- 
bution of the mud, the period during which the deposits have remained in any 
position cannot generally be determined. An attempt was made, however, to 
obtain samples of old deposits by means of borings in the Stanlow Bank. A 
consideration of the charts of the quinquennial surveys of the Upper Estuary 
made by the Mersey Docks and Harbour Board shows that different parts of the 
Stanlow Bank, which now lie at a height of more than 20 feet above Datum, 
are of different ages. Over large areas, the bank, although it attained a height of 
20 feet or more in earlier years, has subsequently been washed away and the 
material has been redeposited elsewhere; only in a few positions has it remained 
at this height for any length of time. By comparing successive charts, an estimate 
can be made of the period during which the surface material of different parts 
of the bank was laid down. In general, the part of the bank nearest to the shore 
is the most stable. In other places the old deposits now lie at some distance below 
the surface and over most of the area there has been alternating erosion and 
deposition of material. In some areas, however, it appears from the charts that 
the bank had a height of, for example, 10 feet above Liverpool Bay Datum in 
a certain year, but that other material was thereafter deposited on its surface 
until at this position the height is now approximately 20 feet. If a boring 10 feet 
deep is made at this position so as to reach a height of 10 feet above Datum, 
a sample taken at this level should consist of the material which was deposited 
when the surface of the bank was last at a height of 10 feet above Datum. There 
is a good deal of uncertainty in these estimates, since the charts from which they 
are made were prepared at 5-yearly intervals and no information is available 
of changes which may have occurred during these 5-yearly periods. For these 
reasons, no borings have been made near the River Gowy or Holpool Gutter, 
as these streams are known to change their course frequently and so cause rapid 
erosion and deposition in the areas through which they flow. 

The composition of some sub-surface samples from the Stanlow Bank with an 
estimate of the date of their deposition is given in Table 33 (p. 246). In general it was 
found that the amount of sand in the mud increased at increasing distances from 
the surface of the bank, although, in one sample (S216), mud with comparatively 
little sand was found at a depth of 12-5 ft. below the surface of the bank where 
the deposit is estimated to have remained since the period 1861 to 1871. It would 
be expected that the material at the lower levels of the bank would be more sandy 
than that at the surface. At the present time most of the banks of a height of 
less than 20 ft. above Datum consist almost entirely of sand, and it appears that 
the deposition of mud does not occur extensively until a sand bank has reached 
this height, after which mud may be deposited to form a cap on the surface. 
The fact that there is now available only relatively sandy material which was laid 
down in earlier years and has not since been moved does not mean that in those 
years mud was not present in the Estuary. The high banks present in early years 
may have consisted partly of mud which has since been washed away and 
deposited in new positions. An examination of the figures in Table 33 shows 
that the amount of organic matter in the samples of material deposited in earlier 
years is approximately the same as in recent deposits containing the same amount 
of sand. There is thus no evidence that the mud mixed with these samples is 
significantly different in composition from the mud at present found on the surface 
of the Stanlow Bank. 


COMPOSITION OF MUD ON THE STANLOW BANK 


In Figs. 26 and 27 the concentrations of organic carbon and of silica in 
surface samples of inter-tidal deposits have been plotted in the positions from which 
the samples were taken, and contour lines have been drawn showing the general 
distribution of organic matter and of silica in the Stanlow Bank. These 
figures show that there is considerable regularity in the distribution of mud and 
sand in the bank. In general, the contours are roughly parallel with the shore 
of the Estuary, the less sandy samples occurring near the shore, and the more 
sandy samples in the off-shore part of the bank. The contours follow roughly 
the distribution of stream velocity shown in Fig. 13B (Chapter V), and it is 
evident that the mud has mainly been deposited in areas of low stream velocity 
near the shore of the Estuary. The occurrence of a few abnormally sandy muds 
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with low carbon and high silica contents shown in Figs. 26 and 27 is due to the 
fact that some samples were taken from drainage gulleys running through the 
mud bank; these gulleys often contain sand at the bottom where the mud has 
been washed away by the drainage water. 

From the samples examined it appears that differences in the amount of 
organic matter in different samples are mainly due to the presence of varying 
proportions of sand. The muds with most organic matter are found chiefly in 
regions of low stream velocity. It thus appears that the deposits consist of 
mixtures of sand with varying amounts of mud which may be regarded as alumino- 
silicates in association with a reasonably constant proportion of organic matter. 
In the least sandy samples examined the amount of organic carbon was not more 
than about 4-5 per cent. of the dry weight. The organic matter contained on 
the average approximately 10 times as much organic carbon as Kjeldahl nitrogen. 
It is generally supposed that the association of large amounts of organic matter 
with clay is due to the small size of the clay particles, the surfaces of which are 
covered with organic matter. Sand grains, on the other hand, are too large to 
allow of the adsorption of so much organic matter. In no sample of Mersey mud 
examined was any indication found that the alumino-silicates are associated 
with a proportion of organic matter which is considerably higher than that found 
in the majority of the Mersey deposits. The concentration of sesquioxides 
in a sample has been taken as an indication of the amount of mud as distinct from 
sand; it is known that wide variations in the particle sizes of alumino-silicates 
can occur, and the amount of organic matter associated with this material 
probably increases with decreasing particle size. In a few cases mechanical 
analyses of muds were carried out by the method usually employed in soil analysis ; 
these results are given in Table 34. In this method a sample of mud is first boiled 
with hydrogen peroxide to break up its organic matter, and is then treated with 
hydrochloric acid to destroy carbonates and washed to remove electrolytes; it 
is then dispersed in distilled water containing a small concentration of sodium 
hydroxide. The object of this treatment is to break up the clay or silt into its 
ultimate inorganic particles which are then separated into fractions of different 
sizes by sedimentation. In the method used in this work the finer fractions were 
separated by centrifuging at different speeds. It was found that, in general, 
the silica-sesquioxide ratio decreased in the order, sand, silt, clay, but that the 
ratio was approximately constant in the clay fractions irrespective of particle 
sizes. The greater part of the mud consisted of relatively coarse material which 
in a soil analysis would be called sand and silt. It is probable, however, that the 
clay fraction is of preponderating importance in determining the amount of organic 
matter associated with the sample. The loss on ignition increased in clay fractions 
of decreasing particle size, and it is reasonable to suppose that the amount of 
organic matter associated with the clay is also dependent on the particle size. 
The particle size distribution and the type of alumino-silicate present should there- 
fore be considered in comparing the organic contents of samples of muds from 
different localities or of different origin. 


SUMMARY 


Determinations of the chief inorganic constituents and of organic carbon 
and nitrogen were made on samples of mud taken over the whole surface of the 
Stanlow Bank. These samples consisted of clay and silt mixed with different 
proportions of siliceous sand. The moisture content, although it fluctuated from 
time to time as tidal conditions changed, was related to the sand content and 
decreased with increasing proportions of sand. 

There was a well-marked relation between the organic carbon and nitrogen 
contents of mud samples and their silica content, the concentration of organic 
matter being highest in the least sandy samples. The highest organic carbon 
content found was less than 4-5 per cent. of the dry weight and in most samples 
was less than 4:0 per cent. A similar relation between the content of silica and 
- the loss on ignition was found. 

The ratio of organic carbon to nitrogen varied considerably in different 
samples, especially in those containing much sand, but the mean value was 
approximately 10. 

The concentration of material soluble in petroleum ether was about I per cent. 
of the weight of organic carbon in any sample. 
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TABLE 34.—Inorganic Composition of Different Fractions obtained by 
Centrifuging Mersey Muds 
Mud samples S 301, 302, 304 and 305 were dried and treated with H,O, and HCl on the water- 
bath and thoroughly washed. They were then dispersed in distilled water with the addition of a 
small amount of NaOH. The following fractions were then separated by sedimentation or by 
centrifuging. 














































































































Approximate speed of centrifuge (r.p.m.). 
| | { 
Fraction. 1,000 | 1,220 1,440 | 1,670 | 1,900 2,140 | 2,400 3,000 
| 
Period of centrifuging (min.). 
| | 
I Gravity Uren ete py Falling 30 cm. in 7 mins. 
2 5 | 
3 1 5 
4 4 , 10 
5 3 3 $ 3 15 
6 4 4 4 4 4 4 15 
j: 4 4 4 i 4 i 4 30 
8 Left in suspension after No. 7. Obtained by drying. 
| 
Weight Ultimate analyses 
of (per cent. of dry weight) 
S; ee. Weight | fraction P ; ae 
ample Fraction f 
No. No. ee (Der 
fraction. cent. 
of total “ Sesqui- | Loss on 
(gm.) weight). =: ALO: Peeve oxides | ignition 
5 301 50°55 100-0 59°7 110 eG 18-0 12°3 
Sand 1 18-52 36-6 80-1 6-6 yas} 0-9 5-2 
Silt PARE ESS Wi 36-0 60-7 15-5 ae 22-4 9-0 
3 i O7 S20) 48-6 INST 8:8 31-5 12°5 
4 2:48 4-9 43-7 23-6 9:2 32-8 16°9 
Clay 5 2-56 o°1 AD 2 2586 10-2 33-8 17-1 
; 6 179 3:8 40-1 22°2 10-2 32-4 20-3 
i 1-94 3°8 38:3 17-8 6-4 24-2 32-0 
8 3:00 oo 39-8 19:7 10-2 299 191 
S oU0zZ 773 — so 16-6 12-9 
Sand 1 — — F279 — = 9-8 5:3 
Sit 2 — — Olay — = 20*5 10-3 
3 — —- 47°9 — a 31-4 172 
4 — — 44-7 — — 32-6 15-1 
5 —- — 42-2 — — 32:5 16-6 
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The concentration of sulphide varied in different samples between 0 and 
0-18 gm. S per 100 gm. of dry mud; the highest concentration of total sulphur 
found was 0:43 gm. S per 100 gm. The sulphide content was in all cases low in 
mud exposed to the air but was higher in the black mud below the surface and 
thus exposed to anaerobic conditions. It was shown by laboratory experiments 
that sulphide in mud allowed to dry in the air is converted to elementary sulphur, 
while under anaerobic conditions sulphate is reduced to sulphide. The sulphide 
content could be further increased by the addition of sodium sulphate to muds 
allowed to stand out of contact with air. 

The biochemical oxygen demand in 5 days of mud maintained in suspension 
in sea water and in tap water varied between 0 and 0:34 gm. oxygen per 100 gm. 
dry weight of mud. 

Samples of mud deposited on the Stanlow Bank at different periods, including 
some estimated to have been deposited between the years 1861 and 1871, were 
obtained by boring. In most cases the sand content increased with increasing 
depths below the surface. The organic content of the. mud deposited in earlier 
years was approximately the same as that of recent deposits with about the same 
silica content. 

The surface mud of the Stanlow Bank is least sandy and contains the highest 
concentrations of organic matter near the shore, the proportion of sand increasing 
towards the outer edge of the bank. These changes are correlated with the velocity 
of the tidal streams. 

Mechanical analysis of some samples showed that the greater part of the 
mud consisted of relatively coarse material, but it is suggested that the capacity 
of the mud to adsorb organic matter may be largely dependent on the particle- 
size distribution in the finer clay fraction. 
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CHAPTER Vit 


POSSIBLE SOURCES .OF MERKSEY GMUD 


The composition of the inter-tidal deposits in the Upper Estuary has now 
been discussed, and it has been shown that the composition of the muds found 
in different parts of the upper basin is approximately the same, due allowance 
being made for the sand mixed with the mud. Before it can be decided to what 
extent the composition of these deposits has been influenced by the presence of 
sewage in the Estuary water it is necessary to ascertain the source of the deposits 
in the Upper Estuary. It would appear that there are three sources from which 
material might enter the upper basin and be deposited on the inter-tidal banks. 
These sources are the fresh-water streams and discharges of sewage which may 
carry material in suspension, the water entering the Estuary from Liverpool Bay, 
which may carry material eroded from the sea bed, and the shores of the Estuary 
which may be eroded by the Estuary water. The deposition of suspended matter 
brought in by sewage, by fresh-water streams or from the sea would tend directly 
to decrease the capacity of the upper basin, but if erosion of the shores of the basin 
occurred the process would consist, at least in part, of a transference of material 
from one part of the Estuary to another. 


SHORES OF THE ESTUARY 


An attempt has been made to estimate the extent to which the shores of 
Liverpool Bay and of the Upper Estuary are being eroded. It was found impossible 
from a consideration of the available charts of the Estuary to determine the volume 
of material removed and the estimate of the extent of the erosion in recent years 
is based only on visual observation of the shores. 

On the Lancashire side of Liverpool Bay from Formby to the Narrows the 
material exposed to the action of the sea is mainly sand, the shores being formed 
of an almost continuous strip of sand dunes. These dunes have been much eroded 
during recent years, and at one point they have been faced with slag to prevent 
further erosion. In other places groynes have been constructed. In some places 
at the base of the sand dunes a peat bed is exposed with an under-clay which is 
thought to be an ancient estuarine mud. This comparatively small belt of clay 
is composed of material similar in composition to mud taken from the Upper 
Estuary. Thus a sample of the clay gave the following analysis :— 


Silica a = oe .. 64-9 per cent. of dry weight. 
Sesquioxides ‘se = oe los ae a ° 
Loss on ignition .. = ae BUS sy rae 5) = e 
Organic carbon .. > i! Oa) [a Ss os 


Irom the entrance to the Narrows to Garston the shore is everywhere protected 
by stone-work, so that no erosion can take place in this section. From Garston 
for a distance up-stream of about 6 miles the shore consists of cliffs of boulder 
clay, the base of which for most of the distance is only reached at high water of 
high spring tides. This line of cliffs has in the past been subject to considerable 
erosion, but the erosion now appears to have ceased in most places since the face 
of the cliffs is mainly covered by small trees and bushes. Above Dungeon Point 
there is a belt of salt marshes in front of the cliffs, and above this point erosion 
of the cliffs does not now appear to be going on to any great extent. Above Widnes 
the river runs through old salt marshes which in places are being washed away. 

On the Cheshire shore between Runcorn and Eastham the boundary of the 
Estuary is the outer bank of the Manchester Ship Canal. Between Runcorn 
and the River Weaver there are no old deposits in front of the canal bank; below 
the Weaver, however, there is a strip of marsh which originally formed part of the 
Frodsham marsh, the greater part of which is now cut off from tidal action by 
the canal. There is no evidence that the remaining strip of marsh is now being 
eroded. Below Eastham to the entrance of the Narrows the Cheshire bank is 
largely protected by stone-work. From the entrance of the Narrows to the 
Dee the shore consists mainly of sand dunes or stone-work, though there is a small 
patch of exposed clay which does not appear to be eroded to any great extent. 
It would appear, therefore, that the main materials capable of being eroded from 
the shores of the Estuary,are sand, boulder clay, and material from old salt marshes. 
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The composition of some samples taken from marshes in positions where erosion 
was occurring is given in Table 35 (p. 247). The composition of these samples is 
similar to that of deposits from inter-tidal banks in the Upper Estuary, the highest 
organic carbon content found being 3-27 per cent. The composition of some 
samples of boulder clay is shown in Table 36 (p. 247), and the average composition 
is given in Table 37. 


TABLE 37—Average Composition of Samples of Boulder Clay from Cliffs 
on the Shores of the Mersey Estuary 




















Percentage of dry Percentage of dry 
weight (mean). weight (mean). 
No. of i‘ No. of 
samples. | samples. 
Organic Kjeldahl Silica. Sesquioxides. 
carbon. nitrogen. 
5, 0-45 0-04 4 65-6 16:3 


























The composition of boulder clay is entirely different from that of mud, since, 
although it contains a high proportion of alumino-silicates, the content of organic 
matter is very much lower than in mud. It does not appear, however, that the 
erosion of boulder clay has proceeded to any great extent during recent years, and 
it is considered that the amount of boulder clay eroded must be very small com- 
pared with the changes which have occurred in the volume of the Upper Estuary. 
Thus it is calculated that if the whole line of boulder clay cliffs were cut back 
for a distance of 1 yard the volume of material which would be removed would be 
about 75,000 cubic yards. This is very small in comparison with the average annual 
change which has taken place in the volume of the Estuary since about 1900; it 
is certain that the cliffs are not at present being cut back at the rate of 1 yard 
per year. 

FRESH-WATER STREAMS 


The main fresh-water streams entering the Estuary have been largely altered 
in character by their conversion into canals. Thus the River Mersey with its 
tributaries and the River Weaver, the two largest streams entering the Estuary, 
have been deepened for a considerable part of their length and the speed of flow 
of the fresh water in them has consequently been reduced. Part of the suspended 
matter brought down from the catchment areas, which would normally be discharged 
into the Estuary, is now deposited upon the bed of the canals, whence it is removed 
by dredging. The quantity of suspended matter entering the Estuary from 
fresh-water sources is thus considerably lower than would be the case if the streams 
ran in their natural beds. In the River Mersey the concentration of the material 
in suspension at times of low fresh-water flow is as a rule small, but becomes much 
higher during fresh-water spates. Owing to the fact that the flow of the Mersey 
is in part artificially controlled by the operation of sluices, it has not been found 
possible to estimate the average amount of suspended material brought by it into 
the Estuary during a year. A few determinations of the flow of the river and 
of the corresponding concentrations of suspended matter have, however, been 
made (Table 38). 


TABLE 38—Flow of the River Mersey at Howley Weir and Concentration 
of Suspended Matter 











Fiance Concentration of 

Date. (mil. gal. per day) suspended matter 

| Ae ~’* | (parts per 100,000). 
27.9.34 << 4 
5.10.34 3-62 Li-O 
~ 8.10.34 0-84 bal 
18.10.34 0-72 o°7 
30.10.34 1-60 6-4 
2.11.34 0-38 1+2 
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The highest concentrations occurred at times when the flow of the river was 
highest. The mean concentration of suspended matter observed was approximately 
4-3 parts per 100,000. If this figure is taken as the mean for a year and the mean 
flow of the river is taken at the value given in Table 4 (Chapter II), the weight 
of suspended material coming in from the River Mersey to the Estuary is about 
33,000 tons per year. It is probable that the actual amount in a year exceeds 
this figure, since the concentration of material in suspension increases considerably 
at times of high fresh-water flow. It appears, however, that the suspended matter 
discharged in fresh-water streams cannot now be one of the main sources of 
material available for the formation of extensive inter-tidal banks in the upper 
basin. 

Some figures giving the composition of the suspended matter in the River 
Mersey and in Sankey Brook are shown in Table 39 (p. 248). This material is 
entirely different from that of the estuarine deposits; the silica content is low and 
the content of organic matter very high. Thus, in suspended matter carried by the 
River Mersey, a content of organic carbon of nearly 40 per cent. was found on one 
occasion. In most samples, however, the ratio of organic carbon to nitrogen was 
not greatly different from that found in estuarine muds. The composition of 
material dredged from the bed of the Manchester Ship Canal, through which the 
River Mersey flows, is shown in Table 40 (p. 248) and the average figures are given 
in Table 41. 


TABLE 41—Average Composition of Samples dredged from the Bed of the 
Manchester Ship Canal 















































Distance above Mean organic | Mean Kjeldahl] 
Eastham No. of carbon (per | nitrogen (per 
Locks samples. cent. of dry | centvordry 
(miles). weight). weight). 
Oto 5 | 4 2-80 0-41 
5 to 10 4 2529 0-23 
10 to 15 2 3°40 0-22 
15 to 20 5 2200 0-14 
20 to 25 2 | 7-43 0-48 
25 to 30 4 | 6-34 0-50 
30 to 34 4 | 9-81 | 0-61 
| 











The bed of the tidal part of the canal immediately above Eastham is mainly 
composed of material similar to that which forms the inter-tidal banks in the 
Estuary, and it is probable that in this part the deposits on the bottom have been 
carried into the canal in suspension in Estuary water during spring tides. In the 
higher reaches of the canal, however, the bottom deposits contain very much more 
organic matter. The deposits in the upper reaches are semi-liquid, and are easily 
eroded by moving water; it is probable that some of this material is washed into 
the Estuary during fresh-water spates. 

In general, it may be said that the greater part of the material entering the 
Upper Estuary in suspension in fresh-water rivers is likely to have a considerably 
higher content of organic matter than the inter-tidal deposits in the Estuary. 

A small quantity of inorganic material enters the Estuary as a constituent 
of sewage. This material includes sand and silt washed from the streets into the 
sewers during storms. From published data giving the weight of inorganic material 
deposited in sludge at sewage purification works in large towns it is calculated 
that if the whole of the insoluble inorganic matter in sewage discharged direct 
into the Estuary were deposited, the annual volume would not exceed 25,000 cubic 
yards. The true value is probably less than this since part of the inorganic matter 
will be carried in suspension and out to sea. Even the estimated maximum quantity 
of 25,000 cubic yards per year is less than 0-25 per cent. of the average quantity 
of material removed annyally by dredging in the Estuary, and is negligible in 
comparison with the changes observed in the capacity of the Estuary. 
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BED OF LIVERPOOL BAY AND THE IRISH SEA 


The third possible source of the material of which the inter-tidal banks in the 
Ikstuary are composed is the bed of Liverpool Bay or of the Irish Sea outside it. 
It was not found possible to estimate directly the amount of material in suspension 
which comes into the Upper Estuary from the Irish Sea and is retained there. 
The concentration of suspended matter in the water passing in and out of the 
Narrows is often very high, especially during spring tides, but measurement of 
the amount which comes in from the sea and does not return would be a matter 
of great difficulty. It is certain, however, that a considerable amount of material 
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is transported in Liverpool Bay since large volumes of sand irequently change 
their position and have to be removed by dredging. Diagrams showing the 
concentration of suspended matter during the flood tide at the Bar Lightship and 
at Formby Lightship on 11th November, 1935, are given in Fig. 28. At the Bar 
the maximum concentration at about half flood was approximately 6 parts per 
100,000 and at Formby Lightship 25 parts per 100,000. It is probable that the 
sea bed is the most important source of any large quantity of material coming 
into the upper basin. The daily inflow of water from the Bay through the Narrows 
is very large compared with the flow from fresh-water streams. 

It was mentioned in Chapter V that, though the greater part of the bed of 
Liverpool Bay consists of sand, patches of mud or of muddy sand were found in 
some positions. Samples were collected from the Bay by dredging and their 
content of organic matter was determined; the figures are given in Table 42 
(p. 249), and the average values in Table 43. 


TABLE 43—Average Organic Content of Samples dredged from C hannels and 
_ Submerged Banks in Liverpool Bay 
































saXiNESl,, Novot_ | MaueSenmrgnic Mean ja Ratio 
(per cent. of dry me naar ) cent. of dry | cent. of dry Carbon 
weight). weight). weight). Nitrogen. 
0to0:5 | 46 19-9 Q-27 0-03 9-0 

0-5 to 1-0 25 hy 27S By eae TES 0-06 11-5 
1-0 to 1-5 5 37°3 1-3] Q-11 11-9 
1-5 to 2-0 as 36-5.  MeOaw eet 13-0 
2:0 to 2°5 3 50:7 2-16 0-23 9-4 























In the majority of the samples the organic content was low and the carbon- 
nitrogen ratio was approximately the same as that in muds from the Upper 
Estuary. The small concentrations of organic matter found are due to the fact 
that almost all the samples consisted mainly of sand mixed with a small amount 
of mud. This mud can be washed out by a moving stream of water, and, to obtain 
a better comparison between the composition of the mud and that of inter-tidal 
deposits, the mud was removed from a number of samples dredged from the Bay 
by making a suspension in tap water and allowing the sand to fall out. The 
supernatant water containing mud in suspension was then poured off and the mud 
was allowed to settle and was analysed. The composition of the material so 
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Fic. 29—Content of Organic Carbon and of Kjeldahl Nitrogen in Muds from 
Samples taken from the Bed of the Irish Sea, from Liverpool Bay, and from the Upper 
Mersey Estuary. Muds separated from Sand by Sedimentation. 
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obtained is given in Table 44 (p. 250). The composition of the mud fraction in 
bottom deposits from the Bay appears to be almost the same as that of the inter- 
tidal muds from the Upper Estuary. The mean values for the silica, organic carbon 
and Kjeldahl nitrogen contents of the muds examined are shown in Fig. 29. In this 
figure lines have been drawn which would enclose the majority of the individual 
points in corresponding diagrams for the values obtained from all the samples 
examined of inter-tidal muds from the Upper Estuary. Most of the mean values 
for the muds separated from the samples from the Bay fall within these limits. 
It was not known whether there was any considerable loss in the organic matter 
of mud when the mud was separated by sedimentation from a large quantity of 
sand. Samples of surface mud from the Stanlow Bank were, therefore, similarly 
treated in order to compare their relationship of carbon to silica with that in the 
untreated muds. The composition of a number of muds separated from samples 
from the Upper Estuary (Stanlow Bank) in this way is given in Table 45 (p. 251) 
and the mean values have been included in Fig. 29. A certain amount of organic 
carbon appears to be lost in separating the mud from the sand by the method 
used. The mean points for the muds separated from the Stanlow samples, however, 
lie in approximately the same positions as the corresponding points for muds 
separated from dredged material from the bed of Liverpool Bay. 

If the large-scale Admiralty charts of the British coast are examined, it will 
be found that large areas of the sea bed are covered with muddy deposits (I*ig. 30). 






































Fic. 30—Distribution of Mud on the Sea Bed round the Coasts of the British Isles 
Areas of Mud shown black 
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In the Admiralty surveys the bottom deposits are usually obtained by arming 
a sounding lead with tallow, and the deposits brought up are classified by inspec- 
tion. There is little mud off the east coast of Great Britain but mud is wide-spread 
on the west coast and covers large areas of the bed of the Irish Sea. A tongue 
of this mud appears to connect the Mersey Estuary with a large area of mud 
extending northwards in shallow water to the Solway. A few samples of the 
bottom deposits from the Irish Sea were examined during the investigation ; 
many of the samples contained mixtures of mud and sand similar to those dredged 
from the bed of Liverpool Bay. The content of organic matter in some of the 
samples as taken is given in Table 46 (p. 252) and the composition of the mud 
separated from sand by sedimentation is shown in Table 47 (p. 252). The organic 
matter of the Irish Sea muds had usually a carbon-nitrogen ratio which was rather 
smaller than that of muds from the Upper Estuary. The mean values of organic 
carbon and Kjeldahl nitrogen found in the Irish Sea muds have been inserted 
in Fig. 29. It will be seen that the relation between the silica and nitrogen contents 
was roughly the same as that for muds from the Upper Estuary or from Liverpool 
Bay, but for a given silica content the amount of organic carbon present was 
rather lower in the Irish Sea muds than in the muds from the other two areas. 


It seemed possible that the material carried in suspension in the Estuary 
water: might be different in nature from that found in inter-tidal banks and 
accordingly some samples of material found in suspension were examined 
(Table 48, p. 253). The relation between the silica content and the organic con- 
stituents is shown in Fig. 31, from which it is clear that the material carried in 
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Fic. 31—Composition of Suspended Matter in the Mersey Estuary 


suspension was essentially of the same nature as that taken from the mud banks 
of the Upper Estuary. In Fig. 31 the contents of nitrogen and organic carbon 
for different concentrations of silica are shown. It was found that the contents 
of organic matter and silica in the suspended material in the Estuary water 
were largely dependent on the concentration of the suspended matter; this 
variation is more fully discussed in Chapter XVI. 


SUMMARY 


The most probable source of any large quantity of new mud which may be 
brought into the Mersey Estuary and assist in forming inter-tidal deposits is the 
bed of Liverpool Bay and the Irish Sea. The quantity of inorganic solid matter 
carried by sewage discharged direct into the Estuary is small. Suspended matter 
in the fresh-water streams contains on the whole a much higher proportion of 
organic matter than the deposits in the Upper Estuary. The boulder clay which 
forms cliffs on the Lancashire shore contains little organic matter, while the mud 
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which is mixed with sand in the deposits in Liverpool Bay and in the Irish Sea 
has approximately the same general composition as the mud on the Stanlow Bank. 
No source has been found from which there has recently been eroded any 
appreciable quantity of clay with an organic content significantly lower than 
that of the existing deposits in the Estuary, nor has any such material been found 
in suspension in the Upper Estuary or in Liverpool Bay. It would appear, 
therefore, that mud coming into the upper basin is from the first associated with 


approximately the same amount of organic matter as is found in the mud forming 
the inter-tidal banks. 
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CHAPTER. VIII 


COMPARISON. OF THE .COMPOSITION. OF THE DEPOSITS. INeeei 
MERSEY WITH THAT OF DEPOSITS PROM OTHER LOCATIisS 


LOCALITIES FROM WHICH SAMPLES WERE TAKEN 


It is well known that marine and estuarine deposits, which on inspection 
would be called “mud’’, are of widespread occurrence on the coasts of the 
British Isles and on the sea bed. It is of interest, therefore, to compare the 
composition of deposits which have been iaid down in localities where pollution 
by sewage or industrial effluents is absent with the composition of the Mersey 
deposits which have settled out from water containing sewage and other polluting 
material. The composition of deposits from the bed of the open sea, where the 
influence of polluting substances may be considered to be negligible, is of special 
interest. It is well known that a considerable quantity of dissolved organic 
matter is present in sea water. Krogh states that the organic matter in solution 
in sea water is in excess of that present as plankton. Raben‘?) found about 3-0 mg. 
of organic carbon per litre in water from the Baltic Sea and 11 to 14 mg. in Baltic 
inshore waters. Task‘), in a report on an investigation of recent marine sediments, 
gives analyses for a large number of ocean deposits; those in the open sea contained 
up to 1 per cent. organic matter, while inshore deposits in the Pacific had an 
average of about 5 per cent. organic matter; approximately the same composition 
was found for deposits from the Black Sea and the Baltic. In recent deposits 
the carbon-nitrogen ratio was about 8-4, while in ancient deposits it was about 
14-0. It was estimated that in muds of geological age about 20 per cent. of the 
original organic matter had been lost. Waksman‘, reporting on muds from the 
Cape Cod Bay area, found about 2 per cent. of organic carbon and a carbon- 
nitrogen ratio of approximately 8-0. 


A general survey shows that the majority of the estuaries round the coasts 
of the British Isles contain mud. It is, however, difficult to find an estuary which 
is unpolluted, and samples have therefore been taken from estuaries most of which 
contain some sewage although in concentrations much less than the Mersey. 
The areas visited were the following :— 


(1) Salt marshes in Norfolk.n—Samples were collected on the north Norfolk 
coast between Blakeney and Wells-on-Sea. This coast has a belt of 
salt. marshes in which there are numerous creeks. The small towns 
on the coast have no water-carriage sewerage systems, and the water 
covering the marshes is almost unpolluted. 


(2) Tamar Estuary, Devonshire.—This estuary contains large areas of mud. 
It is polluted to some extent by sewage. 


(3) Dee Estuary, Cheshive—The Dee was visited as being the nearest 
estuary to the Mersey. It contains some polluting material from 
Chester and from works on the estuary banks, but is very much less 
polluted than the Mersey. Inter-tidal deposits consist mainly of 
sand, which in places is mixed with varying proportions of mud; 
the banks along the shores are much more muddy aes those in the 
middle of the estuary. 


(4) Ribble Estuary, Lancashire.—The fresh-water river contains polluting 
material but there are no towns comparable in size with those on 
the Mersey Estuary. 


(5) Morecambe Bay, Lancashive.—This Bay contains a very large area of 
inter-tidal banks consisting mainly of sand or muddy sand, with 
mud banks along the shore in some places. Some sewage is discharged 
into the Bay but the concentration of polluting material must be 
small. / 
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(6) Lay Estuary, Perthshire-——The estuary is fed by two large rivers, the 
Tay and the Earn; the sewage of Perth is discharged into the upper 
reaches of the Tay Estuary, and that from Dundee enters near the mouth. 
In connection with a survey of the River Tees, the water of the 
Tay Estuary was examined on several occasions in 1930, and was 
throughout found to be almost completely saturated with dissolved 
oxygen. The distribution of mud and sand in the Estuary of the 
Tay is very similar to that in the Mersey. The deposits on the south 
shore consist of clean sand and are subject to frequent movement, 
while in the bay on the north shore there is a large mud bank of about 
the same size and shape as the Stanlow Bank in the Mersey. 


(7) Lough Foyle, North of Ireland.—The arrangement of mud and sand 
in this estuary is again similar to that in the Tay and the Mersey. 
A large mud bank occurs in a bay on the southern bank of the Lough. 
The River Foyle receives some sewage from Londonderry at the head 
of the estuary but there are no towns on the Lough itself. In view 
of the large volume of water in the Lough the concentration of sewage 
must be very small. 


(8) Estuaries in Suffolk and Essex.—All the rivers between the Deben in 
Suffolk and the Roach in Essex were examined. Their estuaries are 
in general narrow and comparatively small. The greater part of the 
inter-tidal deposits consists of mud, and sand banks are uncommon ; 
the mud, as a rule, covers the whole of both banks of each estuary 
and, in many cases, the bed of the low water channel. Most of the 
rivers contain some polluting matter but the concentration is much 
lower than in the Mersey. The least polluted locality visited was 
probably Hamford Water which is remote from any source of pollution ; 
it consists of a large area of salt marshes intersected by creeks and 
is similar in appearance to the marshes in Norfolk. 


(9) The Wye Estuary, Monmouthshire.—The Wye itself is little polluted, 
but is a tributary of the Severn which contains sewage and trade 
wastes. The Estuary of the Wye appears to be entirely covered with 
mud. 


(10) Estuaries of the Suir and Barrow, Insh Free State.-—These estuaries 
were visited to obtain information on the behaviour of mud in 
suspension. The estuary of the Suir receives sewage from the town 
of Waterford at its head, but has no towns on its lower part. The 
Barrow estuary, which enters the estuary of the Suir in its lower 
reaches, has no towns, and the amount of pollution it receives is 
negligible. : 


Determinations of the dissolved oxygen in some of the estuaries from which 
samples were obtained are given in Table 49 (p. 253). Except in the Ribble the 
dissoived oxygen contents indicate that the water in the estuaries examined was 
substantially unpolluted. 


The estuaries examined were of three main types :— 


(a) In the River Wye and in the Essex and Suffolk rivers, which are com- 
paratively narrow and have shores which are almost parallel, the inter- 
tidal deposits on the banks and often those on the bed of the low water 
channel consist almost entirely of mud. 


(6) In large estuaries, such as those of the Dee and the Ribble, which are 
widest at their mouth, the off-shore banks consist of sand mixed with 
mud, and there are comparatively narrow mud banks along the shores. 


(c) The distribution of mud and sand in Lough Foyle and in the Estuaries 
of the Tay and Mersey is very similar. Each of these estuaries is com- 
paratively narrow at the mouth and has a broader tidal lagoon above; 
in this lagoon the banks on the more concave side are composed of 
mud, and are sharply differentiated from banks of comparatively 
clean sand on the other side. 
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INORGANIC AND ORGANIC CONSTITUENTS 


The composition of deposits from the various estuaries visited is given in 
Table 50 (p. 254). Where the deposits contained a considerable proportion of mud 
the composition of the samples as taken was determined; 1n samples of muddy sand, 
however, the sand was first removed by sedimentation and the mud was analysed 
(Table 51, p. 257). In general, the organic content of all the muds was of the same 
order as that of Mersey muds with the same silica content. The mean values for silica 
and organic carbon have been plotted in Fig. 32, and for silica and Kjeldahl nitrogen 
in Fig. 33. Lines have been drawn between which lie the majority of the corre- 
sponding points for all samples of Mersey mud examined; these lines were con- 
structed from the data in Chapter VI. The organic content for a given silica value 
was in general highest in the muds from the Tay, the Wye, and the Severn, and 
the majority of the mean points for the other rivers fell within the limits found 
for the Mersey muds. A similar distribution was found for Kjeldahl nitrogen 
except that the nitrogen content of the Wye muds was low and the carbon-nitrogen 
ratio was, therefore, correspondingly high. The relation between the contents 
of silica and organic matter has not been shown for the muds from Lough Foyle, 
since in this Estuary the coarse material corresponding to sand in the Mersey is 
not entirely composed of silica, but contains a fair proportion of heavy minerals 
containing sesquioxides. The concentration of organic matter in the Foyle muds 
was higher than that in deposits from any other locality, an organic carbon content 
of 10-6 per cent. being found in one sample. The organic matter in the Foyle 
muds consisted largely of peat, which was found by microscopic examination to 
be present in different stages of decomposition. In general, the muds, such as 
those from the Essex rivers, which had approximately the same composition as 
the Mersey muds were found to be similar also in appearance and texture. They 
were usually black below the surface, had a characteristic smell, and were generally 
so soft as to make walking on them difficult. The deposits in the Foyle were semi- 
liquid in places and it was impossible to walk on them. The relation between the 
moisture and the organic content of all the samples examined was similar to that 
of the Mersey muds, the moisture content increasing with increasing amounts of 
organic carbon. 


The relation between the silica and organic carbon content for all the muds 
included in Tables 50 and 51 is shown in Fig. 34, with the corresponding relation 
for the muds from the Upper Mersey. The two curves are approximately co- 
incident. In this figure is also shown the mean carbon-nitrogen ratio for the two 
sets of muds. Up to a value of about 3 per cent. organic carbon the ratio is 
approximately the same for the Mersey and the other muds, but above this value the 
ratio is lower in the Mersey muds than in those from other localities. The difference 
is mainly caused by the inclusion of values given by the muds from Lough Foyle, 
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which contained a large amount of organic matter with a high carbon-nitrogen 
ratio. 

A few experiments were carried out to determine the effect on the carbon- 
nitrogen ratio of stirring Mersey muds and boulder clay with various concentrations 
of sewage. The results are given in Table 52 (p. 259). Suspensions of the mud or 
boulder clay were stirred in large tanks with settled sewage liquor in concentrations 
up to 5 per cent. After stirring for some days the mud was allowed to settle, the 
supernatant water was siphoned off and the mud was collected and analysed. 
The addition of sewage under these conditions brought about an increase in the 
organic content of the muds, but the figures in Table 52 show that there was no 
considerable change in the carbon-nitrogen ratio. 


PETROLEUM ETHER EXTRACTIVES 


In Chapter VI some figures were given for the petroleum ether extractives 
of Mersey muds. Similar data for some of the muds from other localities are 
shown in Table 53 (p. 260). In this table figures for muds from the bed of the Irish 
Sea, from Liverpool Bay, and from the Manchester Ship Canal have been included 
for comparison. The contents of organic carbon and of petroleum ether extrac- 
tives are also given for five digested sewage sludges, the earliest of which dates 
from 1913. The data are summarised in Table 54. 


TABLE 54—Average Content of Petroleum Ether Extractives in Mud from 
Various Localities 

































































Percentage of dry weight. 
Weight of ether | 
Locality from which No. of extractives (gm. | 
samples were taken. samples. Petroleum Crane per 100 gin. of 
ether anes organic carbon). 
extractives. ; 
Mersey Estuary iP a 22 0-026 2-62 1-0 
Liverpool Bay . 6 0-025 1-89 1-3 
Irish Sea 9 0-008 1-25 0-6 
Dee Estuary, Cheshire. . sh 5 0-006 Loz 0-5 
Ribble Estuary, Lancashire . 5 0-007 1-58 0-4 
Estuaries in Suffolk and Essex 6 0-011 3:90 | 0-3 
Lough Foyle, North of Ireland 5 0-016 3:06 0-5 
Manchester Ship Canal me 5 0-274 1-76 £S:6 
Birmingham sewage sludges .. 5 2-049 21-56 9-5 
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In the samples from Liverpool Bay and the Upper Mersey Estuary, about 
1 per cent. of the organic carbon consisted of material soluble in petroleum ether. 
In muds from the other estuaries and from the Irish Sea the proportion of 
extractives was rather lower. The amount of ether extractives found in individual 
samples varied considerably, and it is not certain that the figures shown in Tables 
53 and 54 indicate any real difference between the content of petroleum ether 
extractives in Mersey mud and in other muds. There is, however, a distinct 
difference between estuarine muds and the samples of mud from the Manchester 
Ship Canal and of digested sewage sludges. In the two latter groups of samples 
the content of petroleum ether extractives is much too high to be due to uncertainty 

in sampling and in the analytical method used. 








SUMMARY 
The concentration of organic carbon in muds from the polluted Upper Mersey 
Estuary is not appreciably different from that of muds of a similar silica content 
taken from estuaries and marshes in the British Isles which are not heavily 
o 16972 G 


80 ESTUARY OF THE RIVER MERSEY 


polluted. Most of the localities from which the samples were taken are polluted 
by some sewage but the concentration of sewage in the water must in most cases 
be negligible when compared with that in the Mersey. In the few samples taken 
from localities such as the Norfolk marshes and Hamford Water, which as far 
as is known are unpolluted by sewage, there is no indication that the mud has 
a different composition from that found in the Mersey. The carbon-nitrogen 
ratio is, on the whole, similar in the Mersey and other muds, and it has been shown 
for Mersey muds that the ratio does not change significantly if the organic content 
is increased by the addition of sewage. There is an indication from average results 
that the Mersey Estuary mud contained rather more ether-soluble material than 
did the muds from other localities. It should be emphasised, however, that these 
average results were obtained from individual figures which differed considerably 
from one another. Both the Mersey and the unpolluted muds differ in a marked 
degree from the digested sewage sludges examined and from bottom deposits from 
the Manchester Ship Canal; these contained a high proportion of ether-soluble 
material. 

In general the amount of organic matter in muds from the localities 
examined did not exceed the equivalent of about 4 per cent. of organic carbon 
in the dried mud, although higher values occurred in such estuaries as Lough 
Foyle, where the mud contains decomposing peat. This concentration of organic 
carbon is of a different order from that found in digested sewage sludges which 
contained up to 30 per cent. of the dry weight (Table 55, p. 261). As determined 
by analyses of the kind used in this investigation, the chemical composition of the 
muds from polluted and from unpolluted estuaries was approximately the same 
and by these methods it would seem to be impossible to determine whether a 
given mud was deposited in a polluted or unpolluted estuary. 
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CHAPTER IX 


CHANGES IN THE COMPOSITION OF MUDS AS A RESULT OF STORAGE 


In an uncultivated soil the concentration of organic matter tends to remain 
at a constant level. Green plants produce organic matter, the carbon content 
of which is obtained from the carbon dioxide of the air, and when they die part 
of this organic matter remains in the soil. Here the organic matter is transformed 
into simpler substances, including carbon dioxide, by the action of bacteria, 
and the content of organic carbon at any time in the soil is the result of the 
equilibrium between these two processes. It is known that if an excess of organic 
matter is added to a soil the excess is rapidly decomposed until the content of 
organic matter falls to a value which depends on the type of soil and on other 
conditions. When this value has been reached the decomposition of further 
organic matter becomes a relatively slow process. The mud banks in the Mersey 
Estuary, which in many respects resemble soil, are at times covered with green 
algae, and it was thought that the organic carbon content of the mud might 
thus be increased by photosynthetic activity. Samples of mud were therefore 
allowed to stand, exposed to the light, and covered with sea water, for a period of 
about six months in shallow vessels, in order to determine whether a gain or 
loss of organic matter occurred. Under these conditions, however, the algae 
did not thrive. In some samples where growths occurred felted masses 
were formed on the surface of the mud and were difficult to mix with the mud 
for the purpose of analysis; before analysis, therefore, the algae were scraped away 
and discarded. A second series of samples was later allowed to stand in the dark 
for about a year. In all the samples the main changes in the organic content 
were due to decomposition only. 


MERSEY Mups 


The contents of organic carbon and of Kjeldahl nitrogen in each sample 
before and after storage for six to twelve months are given in Table 56 (p. 262) and 
are shown graphically in Fig. 35. In some samples there was an observed gain in 
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Fic. 35—Contents of Organic Carbon and Kjeldahl Nitrogen in Mersey Muds before and 
after Storage for 6 to 12 Months at Laboratory Temperature 


carbon or nitrogen; this may be due, at least in part, to the uncertainty introduced 

by taking sub-samples from the samples stored, since mud contains a certain amount 

of adventitious organic matter which appreciably affects the organic content 

if included in a sub-sample. In general, the samples lost both organic carbon 

and nitrogen, the relative loss of nitrogen being somewhat greater than that of 
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carbon. This is shown more clearly in Fig. 36, in which is plotted the percentage of 
the total number of samples examined which contained, after storage, a given 
proportion of their original organic content. 
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Fic. 36—Percentage of the Original Contents of Organic Carbon and Kjeldahl Nitrogen remaining in 
Mersey Mud after Storage for Periods up to 1 Year at Laboratory Temperature 


The data from which Fig. 35 was drawn are shown in another way in Fig. 37, 
where the organic carbon is plotted against the Kjeldahl nitrogen of each sample 
before and after storage. The effect of storing the muds was twofold; both carbon 


BEFORE STORAGE. AFTER STORAGE. 














* OF ORY WEIGHT. 





























KJELDAHL NITROGEN : 





° oO 20 3-0 40 5-0 
ORGANIC CARSON : °/, OF ORY WEIGHT. 


Fic. 37—Content of Organic Carbon and Kjeldahl Nitrogen in Mud from the 
Upper Mersey Estuary before and after Storage for Periods up to 1 Year at 
Laboratory Temperature 


and nitrogen were lost and the points expressing the relation between the contents 
of carbon and nitrogen moved so as to lie more nearly on a smooth curve. It 
would appear that the composition of the organic matter before storage, while 
approximately constant, was in part fortuitous; when the mud was kept for a 
time and no further organic matter was added to it, organic carbon or nitrogen 
was lost in such a way as to bring the organic matter to a more constant com- 
position. It was found also that before storage the points expressing the relation- 
ship between either the ‘organic carbon or the Kjeldahl nitrogen and the silica 


CHANGES IN MUDS ON STORAGE 83 


content of the muds lay ina broad band. After storage this band became narrower, 
indicating that the relation between the content of organic matter and the silica 
had become more exactly defined. 


A second series of samples of muds from the Stanlow Bank was maintained 
for about a year covered with sea water in a thermostatically controlled incubator 
at a temperature of 37° C.; distilled water was added from time to time to prevent 
the samples from drying out. Duplicate samples were stored under the same 
conditions at laboratory temperature. The contents of organic carbon and 
Kjeldahl nitrogen for the samples stored at 37° C. are given in Table 57 (p. 264), 
and the corresponding figures for the duplicate samples stored at laboratory tem- 
perature are given in Table 56. The majority of the samples stored at 37° C. 
lost both carbon and nitrogen, but at a rate which was not appreciably different 
from that of the samples stored under similar conditions at laboratory temperature ; 
the percentage of the organic matter originally present remaining after storage 
at 37° C. and at laboratory temperature is shown in Table 60 (p. 84). 


In Table 59 (p. 265) and in Fig. 38 is shown the composition, before and after 
storage for different periods, of samples of estuarine suspended matter which had 
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Fic. 38—Changes in the Contents of Organic Carbon and Kjeldahl Nitrogen in Estuarine Susfended 
Matter previously stirred with Sewage, after Storage for Various Periods at 37° C. 


previously been stirred with different concentrations of settled sewage. During 
storage for ten months there was a loss of organic carbon from all the samples and a 
greater loss of Kjeldahl nitrogen. 


MUDS FROM THE MANCHESTER SHIP CANAL 


In Table 58 (p. 265) is shown the composition before and after storage of a few 
samples of mud dredged from the bed of the Manchester Ship Canal. These samples 
are in two groups, one stored at 37° C., and one at laboratory temperature; the 
changes in composition after storage are shown graphically in Fig. 39. Large 
losses of organic matter occurred in some of these samples, especially those 
incubated at 37° C. Before storage the samples differed entirely in appearance 
from Mersey muds, the more organic of them being semi-liquid and containing 
as much as 10 per cent. of organic carbon on the basis of dry solid matter. After 
storage for ten months at 37° C. their composition was in most cases similar to 
that of muds from the Stanlow Bank. 


The percentages of organic matter lost during storage by Mersey muds and 
by samples from the bed of the Manchester Ship Canal are compared in Table 60. 
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Fic. 39—Changes in the Composition of Mud dredged from the Manchester Ship 
Canal, after Storage for 10 Months at Laboratory Temperature and at 37° C. 


TABLE 60—Organic Matter lost by Mud from the Mersey Estuary and from the 
Bed of the Manchester Ship Canal during Storage for about One Year 
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The percentage of the original organic matter lost by Mersey muds during 
storage either at laboratory temperature or at 37° C. was relatively small. The 
percentage lost by the more organic Manchester Ship Canal samples was much 
greater at 37° C. than at laboratory temperature. 


SIGNIFICANCE OF CHANGES 


It seems probable that mud loses by fermentation excess organic matter 
deposited with it until the concentration of organic matter in the mud falls to a 
value depending on the proportion of alumino-silicates present, after which further 
fermentation proceeds only slowly. That there is a concentration of organic matter 
which is only relatively slowly destroyed would appear to follow from the fact 
that muds have not been found in any locality, whether polluted or unpolluted, 
in which there was not a fairly definite relationship between the amount of silica 
and the amount of organic matter present. Since, however, the relation between 
the content of organic carbon and of Kjeldahl nitrogen has been found to vary 
more widely in Mersey muds before storage than after storage, it might be expected 
that this relation would be found to be especially variable in muds to which large 
amounts of organic matter were continuously added. In Fig. 40 is shown the 
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relation between the contents of organic carbon and Kjeldahl nitrogen in 61 samples 
of muds taken in Suffolk and Essex from various estuaries which are believed to 
be polluted only to a small extent. In the figure there is also shown the similar 
relation for 32 samples of mud from the comparatively unpolluted Lough Foyle 
in the north of Ireland, and for 18 samples from the Tay Estuary in Scotland, 
which also contains only a small concentration of polluting matter. There seems 
to be a pronounced difference between the samples from the Foyle and those from 
the Essex estuaries and from the Tay, the relation between the concentrations 
of organic carbon and Kjeldahl nitrogen in the Foyle samples being much less 
clearly defined than in the samples from the other two localities. It is thought 
that the irregular composition of the organic matter in the samples from the Foyle 
is due to the high concentrations of peaty material in different stages of decom- 
position. For comparison, the samples of mud taken from the Mersey Estuary 
bave been divided into five groups, each containing 61 samples, that is the same 
number as were available for the Essex estuaries. The samples were divided into 
the five groups in the order in which they were collected. The carbon-nitrogen 
ratio for the samples in these groups is given in Fig. 40. It is difficult to say 
whether the composition of the organic matter in the Mersey samples is significantly 
more variable than that in samples from the Essex estuaries. In some of the 
groups of Mersey samples the variation in the carbon-nitrogen ratio appears to be 
somewhat greater than that in the Essex muds; in other groups the composition 
of the organic matter in the Mersey and Essex muds appears to be equally variable. 
Before it could be decided whether the small differences between the composition 
of the Mersey samples and the composition of muds from unpolluted estuaries 
are significant it would be necessary to examine much larger numbers of samples 
from unpolluted localities. 


SUMMARY 


Samples of Mersey mud were allowed to stand under sea water at room 
temperature for periods of 6 months or 1 year. During this time the content of 
Kjeldahl nitrogen in most of the samples decreased and there was a relatively 
smaller decrease in the content of organic carbon. The rate of loss of organic 
matter was not appreciably greater at 37° C. than at room temperature. After 
storage the organic matter in the different muds had a more constant composition 
than before storage, as indicated by the ratio between the organic carbon and 
the Kjeldahl nitrogen. It was suggested that the composition of the organic 
matter of mud in unpolluted localities might be more constant than that of mud 
from polluted localities where frequent additions of fresh organic matter might 
occur. The ratio between the organic carbon and the Kjeldahl nitrogen contents in 
61 samples of mud from unpolluted estuaries in Suffolk and Essex was therefore 
compared with that in five groups, each of 61 samples, of mud from the Mersey 
Estuary. The results suggest that the composition of the organic matter in the 
Mersey muds may be rather more variable than that of the samples from 
unpolluted estuaries. Wide variations in the composition of the organic matter 
of muds from Lough Foyle were found; these variations are probably due to the 
large amounts of peat in different stages of decomposition contained in these 
muds. 

When muds dredged from the bed of the Manchester Ship Canal, containing 
high concentrations of organic matter, were allowed to stand for 10 months covered 
with sea water, a large porportion of the organic matter was lost; the amount 
lost was greater at 37° C. than at room temperature. 
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CHAPTER X 


METHODS AND CONDITIONS OF MEASUREMENT OF RATE OF 
SEDIMENTATION OF MUD 


MATERIAL USED 


In Chapter VII the sources from which mud-forming material might enter 
the Upper Estuary were discussed, and it was concluded that the bed of the Bay 
and the Irish Sea was probably the principal source of the mud in the Estuary. 

Numerous experiments have been made on the effect of various factors on 
the rate of sedimentation of mud. Before laboratory experiments were begun 
an estimate was made of the concentration of sewage in the water of the Upper 
Estuary; this was discussed in Chapter IV, where it was shown that organic 
matter was present in concentrations which did not in general exceed the equivalent 
of 5 per cent. of sewage. In the bulk of the Estuary water the concentration was 
considerably less than this amount. The suspended matter carried in the Estuary 
water was also examined and it was found that for an average tide the concen- 
tration was usually about 20 parts per 100,000. In some parts of the Estuary 
where the stream velocity is high, especially during spring tides, the concentration 
may considerably exceed this value, but it does not as a rule anywhere exceed 
about 100 parts per 100,000. It was found that during the period of slack water 
(about two hours) almost the whole of the suspended matter settled to the bottom. 
The salinity of the water in the Upper Estuary was determined under different 
tidal conditions, and it was shown that the salinity of a large proportion of the 
water lay between 20 and 25 gm. per 1000 gm. The general conditions under 
which determinations of the settling rate of suspended matter should be made 
in the laboratory, therefore, were known. The material carried in suspension 
by the Estuary water was found to consist of mud of composition indistinguishable 
from that of mud taken from the inter-tidal banks. 

Material forming the bed of the Irish Sea and Liverpool Bay also consists 
partly of mud, as does the suspended matter brought in from fresh-water streams. 
The composition of the deposits in Liverpool Bay and the Irish Sea was shown 
to be similar to that of the material forming inter-tidal banks in the Upper 
Estuary, their organic content being mainly dependent on the proportion of 
alumino-silicates present. Clay containing a much smaller quantity of organic 
matter was not found in any position from which appreciable quantities of material 
could be eroded and brought into the Upper Estuary. In the laboratory 
experiments on the effect of sewage and other factors on the rate of sedimentation 
of suspended matter the material used was mud taken from the bed of Liverpool 
Bay and from the inter-tidal banks in the Upper Estuary and material carried 
in suspension in the Estuary water. The settling rate of these samples has been 
compared with the settling rate under similar conditions of muds taken from 
estuaries containing little or no polluting matter. 


PREPARATION OF SAMPLE 


In determining the rate of sedimentation of suspensions of muds in the 
laboratory it was found that the settling rate depended very largely on the extent 
to which the mud was broken up in making the suspension. In all experiments 
wet muds were collected and the evaporation of water from them in the laboratory 
was prevented as far as possible. A quantity of the wet mud was then mixed to 
a cream with a small quantity of water of salinity 25 gm. per 1,000 gm. and was 
later diluted to give the required concentration. In a few preliminary experiments 
the sand present in the mud was not separated, but this was done in later work 
in order to obtain more comparable samples. In the method finally adopted the 
mud was stirred vigorously with a small quantity of saline water and the resulting 
slurry was diluted to half the final volume required. The suspension was stirred 
and allowed to stand for 5 minutes, and the suspension of mud was poured off 
from the sand which had settled; this procedure was repeated, after which 
a sample of the suspension was taken and the concentration of mud determined. 
The requisite volume of saline water was then added to bring the concentration 
of mud to the value required. 
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METHODS 


Several methods have been used by other workers in determining the rate 
of sedimentation of soil particles and other materials. In selecting a method for 
use in this investigation it was desirable to choose one in which the material 
settling from suspension or remaining in suspension after given time intervals 
could be collected for analysis. Since it was essential to compare the effect of 
different concentrations of sewage on the settling rate of the mud under different 
conditions, it was necessary also that the method should be simple so that a number 
of determinations could be made at one time. In determining the settling rate of 
mud through shallow columns, suspensions were made up in beakers about 30 cm. 
in depth and of a capacity of about 5 litres. At given time-intervals a pipette 
was inserted vertically into the liquid until the tip was 10 cm. below the surface and 
100 ml. of the suspension were withdrawn. The weight of mud in the sample gave 
the concentration remaining in suspension at a depth of 10 cm. at intervals during 
the sedimentation period. This method is frequently used in soil analysis. Since 
the initial concentration of mud was usually of the order of 20 parts per 100,000 it 
was necessary to withdraw at least 100 ml. for each sample in order to obtain 
sufficient material for analysis. The total volume withdrawn in each experiment 
was thus considerable in relation to the total volume of liquid, so that the depth of 
liquid was appreciably decreased during the sedimentation. The chief objections to 
this method are that the sample is not withdrawn only from the level of the tip of 
the pipette, and in taking the sample turbulence is set up which affects the sedimen- 
tation of the mud. Most of the determinations, however, were made by another 
method, in which a suspension was allowed to settle in glass tubes about 1} inches 
in diameter and 9 feet in length, each holding about 3 litres of water. The bottom 
of each tube was closed with a rubber bung through which projected a small glass 
funnel closed with a pinch-cock; the funnel was made of thin glass and at the 
upper wide end had an outside diameter of 2:15 cm. A sketch of the apparatus is 
shown in Fig. 141 (p. 207). The suspension of mud to be examined was 
poured into the tube and at intervals during a period, usually of 1$ hours, the 
mud which had collected in the glass funnel at the bottom was withdrawn. It.was 
found that all the mud could be removed in a volume as small as 10 to 15 ml. of 
water. The weight and composition of the mud removed in each fraction was 
determined. Similar methods, in which the weight of material falling to the 
bottom is observed, have been used by other workers who have reported that 
the method is in general subject to considerable errors, as indeed are most methods 
for determining rates of sedimentation. It is essential that the long tube should 
be exactly vertical, and in the present work the tubes were set up and clamped 
in a vertical position, determined by means of a plumb line. It is also important 
to obtain glass tubes which are quite straight. In a tube 9 feet in length it is 
difficult to avoid the setting up of convection currents which may alter considerably 
the observed rate of sedimentation. The chief disadvantage, which has been 
pointed out by other workers, is that at the bottom of the tube conditions are not 
uniform owing to the presence of the collecting funnel or other device. The 
maximum amount of suspended matter capable of falling into the funnel should 
be that contained in a column of water of the length of the tube and with the 
same diameter as the funnel, but owing to the disturbed conditions at the bottom 
of the tube the amount of mud collected is occasionally greater than this amount. 
It was observed that mud tended to collect in a ridge on the edge of the funnel 
and was sucked into it when the samples were withdrawn; the error introduced 
in this way was minimised by having the upper edge of the funnel ground to a knife 
edge. The chief advantages of the method are that a relatively large weight of 
mud can be collected so that the error in washing, drying and weighing it is not 
high and methods of analysis requiring a relatively large weight of material can 
be used. Moreover, the volume of liquid withdrawn from the tube during 
a sedimentation is small compared with the total volume. It was found that the 
accuracy of the method was smaller with material of a high settling rate than with 
that of a lower settling rate; with rapidly settling material the amount of suspended 
matter collected often considerably exceeded the theoretical amount. It appeared 
that the method was reliable for the determination of the comparative settling 
rates of different materials, though it might not give accurately the absolute rate 
for any one of them. Rates of sedimentation of mud through other depths were 
similarly determined. For a depth of 40 feet the apparatus consisted of a tube 
made from a number of steel pipes, each 5-2 inches in diameter, bolted together. 
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The tube was erected on the outer wall of the laboratory and was carefully plumbed 
so as to be vertical; it held about 180 litres when full. The bottom was closed 
by a heavy rubber plug, held in place by a steel plate attached by bolts to 
a flange on the bottom of the tube. The mud falling to the bottom was caught 
in a glass funnel passing through the rubber plug (Appendix II). 


In all methods in which a small amount of mud was collected, the weight 
of mud in each sample taken was determined by filtering the sample through an 
asbestos filter in a Gooch crucible. The asbestos filtering pad consisted of a thin 
layer of fine asbestos sandwiched between two layers of rather coarser material ; 
the pad was thoroughly washed with distilled water before the crucible was dried 
and weighed. After a sample had been filtered the crucible was dried at 105° C., 
the mud was thoroughly washed with distilled water and the crucible was again 
dried and weighed. It was found to be impossible to wash all the salt from the 
mud unless it had previously been dried. In determinations in which the material 
remaining in suspension at a depth of 10 cm. was collected, the organic content 
of the filtered mud was determined after it: had been dried and weighed. The 
method used for the determination of comparative amounts of organic matter 
was that of Adeney). In this method the mud is heated with a standard 
solution of potassium dichromate containing sulphuric acid, and the quantity 
of dichromate used in the oxidation of the organic matter is determined. In the 
present work this was done by determining the unused dichromate iodimetrically. 
When the 9-ft. tubes were used a second series of samples was collected from 
duplicate suspensions of mud and the organic carbon in these samples was 
determined. 


Before determining the rates of sedimentation of mud from different localities, 
some conditions governing the settling rate of mud from suspension were examined. 
The most important variable factors in the Estuary which might affect the 
settling rate include the depth of water through which the mud is allowed to 
settle, the initial concentration of suspended matter, the salinity of the water and 
its temperature. 


DEPTH OF SUSPENSION 


When finely-divided mud is allowed to settle in a glass tube 9 ft. in length, it 
can be seen that the rate of sedimentation of a particle increases as it falls. If 
a suspension consisting of mud in sea water was introduced into the tube, after 
a short time it was observed that the suspended matter began to form aggregates, 
which increased in size as they fell, so that the largest clots were found at the bottom 
of the tube. In a few experiments (Table 61, p. 266) the rate of fall of the mud 
particles at different levels was directly observed. It was found that the particles 
which were visible at any level tended to be of about the same size and to fall 
at approximately the same rate. The mean velocity was estimated by timing 
groups of particles over a distance of 5 cm.; the results of one typical experiment 
are shown in Fig. 41. The figure shows that particles with a high rate of fall first 
appeared near the bottom of the tube. The speed of fall of particles in the top 
4 ft. never became as great as that of particles in the bottom 5 ft., and the period 
during which the fall of particles could be observed was much longer in the bottom 
half than in the top half of the tube. The maximum velocity observed in these 
experiments was nearly 1 ft. per minute. Mud particles which fall at this rate are 
of considerable size, their diameter being estimated at between 1 and 2 mm. 
In falling they elongate in the direction of travel and often have the appearance of 
comets with filamentous tails. Their growth may be observed directly when two 
large particles collide. From these observations it was clear that the size of the 
particles falling from a mud suspension was different from that of the mud particles 
when the suspension was first made up and that the rate of sedimentation of the 
mud might well be dependent on the speed with which the larger aggregates were 
formed. The occurrence of the most swiftly moving aggregates at the bottom of the 
tube is explained if it is considered that their formation is governed by the frequency 
with which the initially smaller mud particles come into contact with each other. 
Thus when the suspension is first introduced into a vertical tube the mud particles 
with the greatest settling rate begin to fall, and in doing so pass through water 
containing less rapidly moving particles with which they collide and form aggre- 
gates. After a time those aggregates near the bottom which have travelled the 
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Fic. 41—Rate of Falling of Mud Particles in Saline Water at Different Levels in a 
Tube 9 ft. long during a Sedimentation Period of 1 Hour 


longest distances and have suffered the greatest number of collisions are the 
largest and most swiftly moving. The conditions governing the sedimentation 
of mud are, therefore, quite different from those which govern the rate of settling 
of particles which do not clot, the sedimentation of which is defined by Stokes’s 
law. 

The rates of sedimentation of mud suspensions through columns of different 
lengths are shown in Fig. 42, where the weights of mud falling on unit area after 
different time intervals are plotted. The observed rate of sedimentation increased 
with increasing length of the column through which the mud fell. In carrying 
out comparative experiments, therefore, it is essential that the rate of sedimenta- 
tion should be observed in columns of the same length. 


INITIAL CONCENTRATION OF MupD SUSPENSIONS 


In Fig. 43 are shown the observed rates of sedimentation of muds made up 
in suspensions of different concentrations in saline water. In this figure the 
percentage of the mud originally present which settled out after different periods 
of sedimentation is shown. The first series of determinations was made by the 
method in which the change in the concentration of mud remaining at a depth of 
10 cm. is found. In the other three series the mud suspensions were allowed to 
settle for 14 hours in columns 9 ft. in length, and the mud falling to the bottom 
during this period was collected at intervals and weighed. The rate of sedi- 
mentation markedly increased with increasing initial concentration of the mud 
suspensions. The three series of curves showing the rate of sedimentation through 
9-ft. columns indicate the extent to which the mud had formed aggregates during 
the sedimentation period. The mud is initially present in the form of a turbid 
suspension of particles too small to be seen; in this condition their settling rate 
islow. In the more concentrated suspensions the aggregation of the particles soon 
begins and the settling rate increases as larger clots are formed. When the greater 
part of the mud has settled, leaving a dilute suspension, large clots are no longer 
formed, and the settling rate consequently falls off. The sedimentation curves 
for the stronger suspensions therefore have an ‘‘S”’ shape. In the least con- 
centrated suspensions the rate of sedimentation is reasonably constant through- 
out the period of 1} hours. It is thought that the failure of weak suspensions to 
form large aggregates is due to the smaller number of collisions which take place, 
on account of the low initial particle concentration of the suspensions. 
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EFFECT OF SALINITY 


The salinity of the water in the Upper Estuary changes from a value 
approaching that of sea water at the mouth of the Narrows to a value approaching 
that of fresh water at the head of the Estuary. It is of importance, therefore, to 
determine the effect of the salinity of water on the rate of sedimentation of mud 
suspended in it. The results of some experiments are given in Table 62 (p. 268). The 
effect of salinity was found to be very variable; the results of one experiment 
which is most nearly typical of the series are given in Fig. 44. The mean relation, 
obtained from 9 experiments, between the salinity and the percentage of the mud 
which settled from suspensions in columns 9 feet in length after 1} hours 1s also 
shown in Fig. 44. There was a distinct rise in the rate of sedimentation between 
a salinity of 0:4 and a salinity of 10-0 but no appreciable change in the rate 
occurred between salinities of 10-0 and 30-0 gm. per 1,000 gm. In some experiments 
the maximum rate of sedimentation was found at a salinity value between 10-0 
and 20-0, but the effect of this in the average curve is counterbalanced by some 
other experiments in which a considerable rise occurred between salinity 20-0 
and 30:0. The point in Fig. 44 at a salinity of 0-4 gm. per 1,000 gm. gives the 
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Fic. 44—Relation between Rate of Sedimentation of Mud and Salinity of the Water 
in which it is suspended 


rate of sedimentation of a wet saline mud made up in tap water. In these circum- 
stances comparatively large concentrations of salts are present, derived from the 
tap water and the water associated with the mud. If all electrolytes were removed 
from the mud by thorough washing following treatment by acid to dissolve 
carbonates, and if this mud was then suspended in electrolyte-free water, it is 
known that the rate of sedimentation would be much smaller than that shown 
in Fig. 44. In comparing the rates of sedimentation of different muds or in 
determining the effect of sewage or other material on the settling rate of a mud, 
the suspensions were always made up in water of the same salinity. In most cases 
the water consisted of a mixture of sea water and tap water, the salinity being 
25 gm. per 1,000 gm. This value was chosen as representative of that of a large 
proportion of the water in the Upper Estuary. The sea water was usually obtained 
from the Northwest Buoy at a distance of about 7} miles seaward of the Bar 
Lightship where, except during rough weather, the surface water contains very 
little suspended matter and is not appreciably contaminated by polluting 
material. 
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EFFECT OF TEMPERATURE 


A series of five sets of experiments was carried out to determine the effect of 
temperature on the rate of sedimentation of muds in suspension in saline water. 
For this purpose 6 sedimentation tubes, each 9 feet in length and insulated by 
thick layers of cotton wool, were used. The tubes were first brought to the 
temperature required by filling them with water at a suitable temperature. The 
experimental suspensions were heated or cooled to the required temperature by 
standing the vessels containing them in warm water or in a mixture of ice and 
salt. It was found that the temperature of the suspensions of mud did not change 
by more than 2° C. to 3° C. during a sedimentation period of 13 hours. The results 
obtained are shown in Fig. 45; in every case the rate of sedimentation increased 
with a rise in temperature. ot) 
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Fic. 45—Effect of Temperature on Rates of Sedimentation of Mersey Mud and Boulder Clay 
from Suspensions in Saline Water 


The mechanism by which a rise in temperature increases the rate of sedi- 
mentation. of mud is not known; it is probable that the increase is due, at least 
in part, to the decrease in viscosity of the water in which the mud is suspended, 
since the rate of fall of particles increases with decreasing viscosity of the medium. 
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It is evident from the shape of the curves that aggregation occurred to a much 
greater extent in the warm than in the cold suspensions. An increased rate of 
aggregation might be expected to follow a decrease in the viscosity of the water, 
since the differential movement between relatively fast and slow moving particles 
would then be increased. It is improbable that the large increase in the rate of 
sedimentation brought about by increasing temperature is due to the acceleration 
of any bacterial changes. In one diagram in Fig. 45 is shown the rate of sedimenta- 
tion of a sample of boulder clay at two temperatures. The boulder clay contained 
little or no organic matter and the sample used was dug from a considerable 
distance below the surface of a clay cliff; the numbers of bacteria in this clay 
would be much smaller than in estuarine mud. The increase in the rate of 
sedimentation brought about by raising the temperature from 74° C. to 234° C. 
was, however, of the same order as that observed in mud, the bacterial content 
of which is known to be high. 

In most comparable series of determinations, the rate of sedimentation of 
muds was carried out in glass tubes erected side by side in the laboratory so that 
the temperature of each tube was approximately the same. In later experiments 
the tubes were contained in large thermostats in which the temperature could 
be controlled to within about 1° C. 


SUMMARY 


The methods used in determining the rate of sedimentation of mud are 
described. To obtain comparable results with different samples, the sand initially 
present must be removed before the rate of sedimentation is measured. 

In settling though saline water, small particles of mud increase in size through 
collision with other mud particles and their settling rate in consequence increases 
as they fall. In comparing the rate of sedimentation of different muds it is thus 
essential that they should be allowed to settle through columns of the same depth. 
The extent to which mud in a finely divided condition forms larger aggregates by 
collision increases as the initial concentration is increased. The settling rate is 
in general increased by increasing the salinity of the water in which mud is sus- 
pended between the limits 0-4 and 30 gm. per 1,000 gm. In comparable deter- 
minations of the rate of sedimentation it is necessary to maintain mud suspensions 
at the same temperature since the settling rate is increased by a rise in temperature 
between the limits 5° C. and 30° C. 
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CHAPTER XI 


RATE OF SEDIMENTATION OF MERSEY AND OTHER MUDS 


In some early experiments, not here reported, 1t was found that the rate 
of sedimentation of samples of mud from the Upper Estuary depended mainly 
on the sand content of the samples. Ifa series of samples is taken from the Mersey 
or from other estuaries it is usually found that the samples consist of mud of 
approximately constant composition mixed with various proportions of sand. 
In order to compare the rates of sedimentation of different muds it is therefore 
necessary first to remove the sand. In all cases this was done by making up a 
suspension of mud in a concentration of about 100 gm. per 100 litres in a mixture 
of sea water and tap water with a salinity of about 25 gm. per 1,000 gm. This 
suspension was allowed to stand for five minutes in beakers about 1 ft. deep, 
and the mud suspension was then poured off from the sand which had settled to 
the bottom. The concentration of mud remaining in suspension was then 
determined, and the same mixture of sea and tap water was added so as to give a 
concentration of mud of approximately 20 or 30 gm. per 100 litres. In some cases 
the material used consisted of mud already in suspension in water taken from 
the Estuary; the amount of sand present was then usually low, but it was 
sometimes necessary to concentrate the mud to 20 or 30 gm. per 100 litres. This 
was done by allowing the suspended matter to settle, and then siphoning off the 
appropriate volume of water. If necessary, the salinity of the estuary water 
was adjusted to a value of 25 gm. per 1,000 gm. by the addition of sea water or 
tap water. In all cases sedimentation was carried out in tubes 9 ft. in length. 
It has been shown that the rate of sedimentation of a mud increases as the depth 
through which it settles is increased. In many parts of the Estuary sedimentation 
of material in suspension takes place in water of a depth much greater than 9 ft., 
but this is the approximate depth of water at high water of spring tides over the 
Stanlow Bank. 


MERSEY Mups 


The rates of sedimentation of 96 samples of mud from the Upper Estuary are 
given in Table 63 (p. 269). These samples were taken from widely spaced positions 
on the Stanlow Bank. They fall into two groups in which the initial. concen- 
trations of mud were approximately 20 and 30 gm. per 100 litres; the average 
rate of sedimentation of each group is shown in Fig. 46. In general the individual 
muds in each group settled at similar rates and no very abnormal samples were 
found. In all cases the formation of clots was observed in the deeper parts of the 
sedimentation tubes. The average rate of settling was higher for the group of 
muds which had an initial concentration of approximately 30 gm. per 100 litres 
than for the group with a concentration of 20 gm. per 100 litres: this result was 
to be expected from the work described in Chapter X where it was shown that the 
settling rate of mud increases with increasing concentration. In the first diagram 
in Fig. 46 is shown also the average rate of sedimentation of 5 muds from the bed 
of Liverpool Bay and of 11 samples of suspended matter from the Estuary water. 
The material from Liverpool Bay was dredged from positions between the Crosby 
Light Vessel and the Bar Light Vessel; it consisted of mud mixed with a large 
amount of sand which was removed by repeated sedimentation before the settling 
rate of the mud was determined. The samples of Estuary water containing sus- 
pended matter were taken from different positions between the Narrows and 
Widnes. The proportion of the material which settled from the Liverpool Bay 
muds after 1} hours was, on the whole, higher than the proportion which settled 
from the Upper Estuary muds; it is probable that a small amount of fine sand 
remained in the Bay muds, which when taken contained a much higher proportion 
of sand than did the samples from the Upper Estuary. The shape of the curves 
suggests that a small quantity of sand settled out from the suspensions of Bay 
muds before effective clotting began. After the first 30 minutes of the sedimenta- 
tion period, when the formation.of large clots had begun, the rate of sedimentation 
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of the samples from the Upper Estuary and from the Bay was approximately 
the same. The rate of sedimentation of suspended matter obtained from Estuary 
water was rather higher than that of Mersey muds made up in a mixture of sea 
water and tap water. 
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Fic. 46—Rate of Sedimentation through a Distance of 9 ft. of Mud in Suspension in Mixtures of Sea 
and Tap Water of Salinity approximately 25 gm. per 1,000 gm. 


In Fig. 46 are also shown the rates of sedimentation of 9 samples of mud 
dredged from the bed of the Manchester Ship Canal at positions between Eastham 
and Manchester. The composition of this mud was described in Chapter VII, 
where it was shown that the mud in the upper reaches of the Manchester Ship 
Canal is very rich in organic matter, and is different in nature from the estuarine 
muds of the Mersey. The rate of sedimentation of muds dredged in the tidal reaches 
of the Ship Canal immediately above Eastham was found to be similar to that 
of estuarine muds. The semi-liquid material from the higher reaches of the 
Canal, however, when allowed to settle almost immediately formed very large 
clots, and the whole of the suspended material settled in a few minutes. Owing 
to the disturbed conditions in the sedimentation tube brought about by this 
rapid settling the method used was found to be no longer reliable for the deter- 
mination of the rate of sedimentation of the mud. It is evident that the mud 
collected in the funnel had not fallen vertically from the column of water lying 
above it, but that the funnel had also collected mud which had fallen from positions 
nearer the side of the sedimentation tube. 


Mups FROM OTHER ESTUARIES 


In Table 63 (p. 269) the rates of sedimentation of samples of mud from other 
estuaries are also given. The majority of the samples were taken from estuaries in 
south-east England between the Deben in Suffolk and the Roach in Essex. The 
composition of these muds was described in Chapter VIII, where it was shown that 
they had essentially the same constitution as muds from the Upper Mersey 
Estuary. So far as is known none of the estuaries from which samples were 
taken is substantially polluted and most of them are almost unpolluted. The 
samples taken were representative of large quantities of material, since the foreshores 
of the Essex rivers consist almost entirely of mud. The average rates of sedi- 
mentation of the Suffolk, Essex and Mersey muds are compared in Fig. 47. The 
rate. of settling of the Suffolk and.Essex material was.in_all cases _rather higher 
than. that..of Mersey mud. In all the samples. examined .the. formation. .of clots 
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similar to those produced by Mersey muds was observed. In Fig. 47 are also 
shown the average rates of sedimentation of two samples from the Tamar Estuary 
in Devonshire, and of 14 samples from the shores of the Firth of Forth. The latter 
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Fic. 47—Rate of Sedimentation through a Distance of 9 ft. of Mud in Suspension in Mixtures 
of Sea and Tap Water of Salinity approximately 25 gm. per 1,000 gm. 


estuary was visited in order to measure the rate of sedimentation of suspended 
matter in the estuary itself; the Firth receives some poliuting material, but is 
probably less polluted than the Mersey. In Fig. 47 the average settling rate of 
two samples of suspended matter from the Estuary of the River Dee in Cheshire 
is also shown; the initial concentration of mud in these samples was rather lower 
than the average concentration in the suspension of Mersey mud (18-0 instead 
of 20:2 gm. per 100 litres), but the rates of settling of the Dee and Mersey muds 
were substantially the same. 

It was learned during the investigation that high concentrations of suspended 
matter were carried by the water in the estuaries of the Rivers Severn and Wye 
at the head of the Bristol Channel, and the rate of settling of this material in 
these estuaries was determined. The rates of sedimentation of muds from the 
foreshores of the two estuaries and of suspended matter in samples of the water 
were also measured in the laboratory ; the results are given in Table 64 (p. 272), and 
are shown graphically in Fig. 48. The estuaries of both the Wye and the Severn 
are polluted to some extent but the concentration of sewage and trade effluents 
is considerably lower than in the Mersey. It was found that the concentration 
of suspended matter carried by the water in the estuary of the Wye was very 
much greater than that in the Mersey, concentrations of the order of 200 gm. 
per 100 litres being observed in the Wye as against values of about 20 to 60 gm. 
per 100 litres, which are normally present during spring tides in the Mersey. In 
the first diagram in Fig. 48 the rate of sedimentation of the mud in two samples 
of water as taken from the Wye is shown. The samples contained initially 95 
and 159 gm. of mud per 100 litres respectively, and at these concentrations the 
proportion of the suspended matter which settled out in a given period was 
considerably higher than that found for Mersey muds in the concentrations at 
which they occur in the Mersey Estuary. When, however, the samples of Wye 
estuary water were diluted with sea water so as to give a concentration of approxi- 
mately 20 gm. of mud per 100 litres, the rate of sedimentation was lower than that 
of Mersey mud at the same concentration. In Fig. 48 is shown also the average 
rate of settling of two muds from the Severn estuary at a concentration of approxi- 
mately 30 gm. per 100 litres; the rate was again lower than that of Mersey muds 
at the same concentration. From the shape of the curves it is evident that 
clotting of the Severn and Wye muds occurred when they were allowed to settle 
from the concentrated suspensions in which they were found. Sedimentation 
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curves of a shape typical of that given by muds which clot during sedimentation 
were also given by the Severn and Wye muds in a concentration of about 30 gm. 
per 100 litres, but at a concentration of 20 gm. per 100 litres the shape of the curves 
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Fic. 48.—Rate of Sedimentation of Muds and Suspended Matter from the Estuaries 
of the Rivers Severn and Wye 


shows that clotting did not begin until comparatively late in the sedimentation 
period. The explanation of the relatively low settling rate of muds from the 
Wye and Severn is not known, but it is not due to a deficiency of organic matter 
since they have approximately the same composition as Mersey muds. The 
abnormal behaviour of the Severn and Wye muds is also not due to the fact that 
their estuaries are particularly unpolluted, since the Severn is probably more 
polluted than the estuaries in Essex, in which the mud has a settling rate of the 
same order as that of Mersey mud. In the estuary of the Wye the foreshore and 
bed appeared to be entirely covered with mud and no sandy deposits were seen. 


SUMMARY 


The rate of sedimentation of Mersey mud is not significantly different from 
that of mud in Liverpool Bay as far seaward as the Bar Lightship. As already 
mentioned it is probable that material eroded by the tide from Liverpool Bay 
and from the bed of the Irish Sea beyond it is the main source of any considerable 
quantity of new mud brought into the Upper Estuary. If this is so it appears that 
no significant change in the rate of sedimentation of the mud is brought about 
during its transport from the Bay to the Upper Estuary. Comparison with muds 
from other localities suggests that the rate of sedimentation of mud from the 
Mersey Estuary has not been affected by the pollution of the Estuary by sewage 
and trade effluents. For example, the rates of sedimentation of mud from relatively 
unpolluted estuaries in Suffolk and Essex were found to be higher than the rate 
for Mersey mud, whereas the rates of sedimentation of muds from the Severn and | 
the Wye, which are not so heavily polluted as the Mersey, were lower. It may 
be that the differences in rate of sedimentation are due to differences in natural 
inorganic constituents. The most abnormal muds examined were those from the 
fresh-water part of the Manchester Ship Canal. These samples contained high 
concentrations of organic matter and had very high rates of settling. They cannot, 
however, be directly compared with muds from the estuary of the Mersey and from 
other estuaries, as they were deposited under vastly different conditions from 
relatively stagnant polluted fresh water instead of from saline water subject to 


tidal movement. 
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CHAPTER XII 


RATE OF SEDIMENTATION OF MUD IMMEDIATELY AFTER MIXING 
WITH SEWAGE 


MERSEY Mups 


As a first step in studying the effect of sewage on the settling rate of mud 
carried in suspension in the Estuary, some experiments were carried out to 
determine the effect of additions of sewage on the rate of sedimentation of 
Mersey and other muds from suspension, usually in water of a salinity of about 
25 gm. per 1,000 gm. Theconcentrations of mud covered the range usually found 
in the Estuary and sewage was added in amounts up to 5 per cent. of the volume 
of suspension, that is in concentrations over the same range as, and higher than, 
those normally found in the greater part of the Upper Estuary. In the first 
experiments the settling rate of Mersey mud with and without the addition of 
sewage was determined by measuring the concentration of mud remaining in 
suspension in a 5-litre beaker at a depth of 10 cm. after various time intervals ; 
these results are given in Table 65 (p. 273). In the later work sedimentation was 
carried out in columns 4 ft., 9 ft. and 40 ft. in depth and the mud which 
settled to the bottom was collected at intervals (Table 66, p. 275). 

In the experiments reported in Table 65 unsettled sewage was allowed to settle 
for about 1 hour; the settled sewage liquor was then siphoned off and added 
to the suspensions of mud. In some experiments reported in Table 66 similarly 
settled sewage was used, but unsettled sewage was used in other experiments; the 
type of sewage employed is indicated in the tables. 

The experiments in Table 65, in which 5 per cent. of settled sewage liquor 
was added to mud suspensions, have been divided into 3 groups in which the 
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original concentration of mud was between 10 and 20, between 20 and 30, and 
greater than 30 gm. dry weight per 100 litres. The settling rates of the muds in 
each group through a depth of 10 cm. with and without the addition of 5 per cent. 
of settled sewage have been averaged and the mean curves are shown in Fig, 49. 
In all three groups the average rate of settling of the mud through 10 cm. was not 
substantially changed by the addition of the sewage, though with the two lowest 
ranges of concentration of mud the presence of sewage appeared slightly to 
diminish the rate of settling. The curves in this figure show the percentage of the 
original concentration of mud which remained at a depth of 10 cm. after different 
time intervals. 
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In Fig. 50 is shown the change in the settling rate of Mersey mud, through 
columns 4 ft., 9 ft., and 40 ft. in depth, due to the addition of 5 per cent. of 
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unsettled sewage. In columns 4 ft. in depth the presence of the sewage somewhat 
increased the rate of sedimentation; there was a rather greater increase in columns 
9 ft. in length, but the sewage had no effect on the rate of sedimentation of the 
mud through depths of 40 ft. The experiments in which 5 per cent. of unsettled 
sewage was added to mud settling through 9-ft. columns have been divided into 
three groups in which the initial concentrations of mud were from 15 to 25, 
from 25 to 30, and greater than 35 gm. dry weight per 100 litres. The mean sedi- 
mentation curves for the three groups are shown in Fig. 51. The groups contain 
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some experiments in which settled sewage was used and others in which unsettled 
sewage was added. In all cases the addition of the sewage increased the rate of 
sedimentation of the mud. 

In almost all experiments carried out it has been found that a significant 
increase in the settling rate of mud through columns 4 ft. and 9 ft. in depth is 
brought about by the addition of 5 per cent. of unsettled or of settled sewage. It 
appears, however, that no significant increase in the settling rate is caused by the 
addition of sewage in concentrations up to 3 per cent. of the volume of the suspension. 


The results of some experiments showing the effect of different concentrations of 
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sewage are given in Fig. 52, which has been drawn from data presented in Table 66. 
In concentrations up to 1 per cent. the addition of sewage had no significant 
effect on the settling rate of Mersey muds; the settling rate was very slightly 
increased by the addition of 3 per cent. and was significantly increased by the 
addition of 5 per cent. of sewage. 

A few experiments were carried out to determine the effect of the addition 
of sewage to suspensions of Mersey mud at different temperatures; the results 
obtained are given in Table 67 (p. 278), and are shown graphically in Fig. 53. The 
settling rate of mud through columns 9 ft. in depth was increased by the addition of 
5 per cent. of settled sewage at temperatures of approximately 7°, 17° and 24° C., 
but insufficient data were obtained to determine whether the effect of sewage was 
appreciably influenced by temperature. 


MupDs FROM UNPOLLUTED ESTUARIES 


In some experiments the effect of sewage on the settling rate of muds from 
other estuaries was observed. Most of the samples of mud used came from 
estuaries in Essex which are not appreciably polluted, and one sample came 
from the estuary of the river Severn, in which the extent of pollution is much less 
than in the Mersey. The results are given in Table 68 (p. 279), and are shown 
graphically in Fig. 54. Addition of 5 per cent. of settled sewage increased the 
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rate of settling through columns 9 ft. in depth of all the muds used, the increase 
being of the same order as that observed for Mersey muds. 


EFFECT OF BACTERIA 


The mechanism by which the addition of sewage in a sufficient concentration 
may bring about a considerable immediate increase in the rate of sedimentation 
of mud has not been investigated. Two experiments, however, were carried out 
to determine whether the observed effect might be due to the addition of bacteria 
to mud. The settling rate of suspensions of Mersey mud was determined in 
columns 9 ft. in depth; to a similar series of suspensions were added suspensions 
of a culture of living bacteria isolated from sewage. The numbers of bacteria 
in the suspension supplied were not known, but the liquid was milky in appearance 
and the concentration of bacteria in the suspension was much greater than in 
sewage. The results obtained are given in Table 69 (p. 279) ; inno case was the rate 
of settling of the mud significantly changed by the addition of the bacteria. 
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SUMMARY 


The effect of sewage on the settling rate of mud depends on the conditions 
under which the sedimentation takes place. In shallow depths the settling rate 
is not significantly affected by the presence of sewage. In columns 4 and 9 it. 
in depth the addition of settled or unsettled sewage in amounts equivalent to 
5 per cent. of the volume of the suspension significantly increases the rate of 
sedimentation of the mud, though no appreciable change in the settling rate is 
brought about by the addition of sewage in amounts up to 3 per cent. of the volume 
of the suspension. Through depths of 40 ft., however, the settling rate of Mersey 
mud is unaffected by the presence even of 5 per cent. of unsettled or settled sewage. 
It appears, therefore, that there is a depth of column in which the effect of sewage 
on the settling rate of mud has a maximum value. It seems that the observed 
differences in the effect of sewage depend on the extent to which clotting occurs 
in the muds to which the sewage is added. In shallow columns of a depth of about 
4 in. (10 cm.) the rate of settling of mud is low since large clots are not formed, 
and under these conditions the effect of sewage on the settling rate is negligible. 
In columns 4 and 9 ft. in depth clots of mud of considerable size are formed as the 
mud settles, and the process of clot formation is accelerated by the presence of 
more than about 3 per cent. of sewage. In depths of 40 ft., however, the clots 
formed by the mud itself are so large and the rate of settling is so high that any 
change brought about by the presence of sewage again becomes negligible. Under 
conditions in which an increase in the settling rate of mud can be measured by the 
methods used, the effect of the sewage appears to be similar when added to muds 
which have been laid down in a polluted estuary such as the Mersey and in 
relatively unpolluted localities such as the estuaries of the Essex rivers. 
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CHAPTER XIII 


EFFECT OF STIRRING ON THE STATE OF AGGREGATION 
OF MUD IN SUSPENSION 


In the Mersey Estuary during each flood and ebb period mud is carried in 
suspension in water polluted by sewage. Experiments have therefore been carried 
out to determine the effect on the settling rate of mud of stirring mixtures of mud 
and sewage in concentrations of the same order as those found in the Estuary. 
In the first place experiments were undertaken to determine the effect on the 
settling rate of mud of stirring it in suspension without the addition of sewage ; 
these results are reported in this Chapter. 


VIGOROUS STIRRING 


In the earlier experiments mud suspensions were stirred sometimes for 
periods of several weeks, by paddles revolving at speeds sufficient to cause con- 
siderable turbulence. In some cases stirring was carried out in a battery of six 
large tanks, each with a capacity of about 70 gallons. The contents of each tank 
were stirred by three large paddles driven by a 2-h.p. electric motor; the paddles 
were designed to cause considerable turbulence. With this apparatus it was 
possible to stir a suspension of mud for some weeks, and to take 5-litre samples 
at frequent intervals for the determination of the settling rate of the mud without 
materially altering the conditions of stirring. In other experiments suspensions 
were stirred vigorously in 5-litre beakers by glass paddles driven by small electric 
motors. When a sample was taken the concentration of mud in suspension was 
first determined, and the sample was then poured into a 5-litre beaker or into a 
9-it. sedimentation tube, where the settling rate of the mud was determined. 
The results obtained for experiments in which mud suspensions were stirred 
vigorously are given in Tables 70 (p. 280) and 71 (p. 281). Table 70 contains the 
results of experiments in which the rate of sedimentation of the mud after different 
periods of stirring was measured by determining the concentration of mud remaining 
in suspension at a depth of 10 cm. during the sedimentation period. The results 
have been divided into 5 groups, and the mean curves are given in Fig. 55, which 
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shows the effect of stirring mud suspensions vigorously for different periods on the 
rate of settling through a depth of 10 cm. In general, the change brought about 
by this treatment was not large, the average rate of settling being little greater 
after the suspensions had been stirred for 5 to 16 days, though significantly 
greater after stirring for 3.to 4 weeks. The effect on the rate of sedimentation of 
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muds through a depth of 9 ft. caused by stirring them vigorously for periods up to 
10 days is shown in Fig. 56 which has been prepared from the results in Table 71. 
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In general, the settling rate determined under these conditions was increased 
by vigorous stirring, but the results obtained with different samples of Mersey 
mud were very variable. In some cases the settling rate was greatly increased 
by stirring, and in a few cases no change resulted. This variability is reflected 
in Fig. 56, where the individual diagrams do not always refer to the same samples 
of mud. Fig. 57 has been drawn from Table 71 to show the mean results for a 
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number of experiments in which suspensions of mud were stirred for about one 
week, after which the rate of sedimentation of the mud through columns of different 
depths was determined. In these experiments vigorous stirring brought about 
a po increase in the settling rate through columns 4 ft., 9 ft., and 40 ft. 
in depth. 


_ GENTLE STIRRING 


It has been mentioned that the results obtained by the vigorous stirring of 
mud were often variable; an attempt was therefore made to discover the causes 
of the variations. It was known that the degree of turbulence brought about by 
stirring differed in the large tanks and the 5-litre beakers, and it was thought that 
the difference might account for the variability of the results obtained. Similar 
suspensions of mud were therefore stirred at different known speeds. It was 
found that the changes in the state of aggregation of mud brought about by stirring 
depended to a marked extent on the vigour with which the suspensions were 
stirred. In the early experiments, in which considerable turbulence was induced, 
the mud did not form large aggregates while being stirred, though large aggregates 
were rapidly formed during subsequent settling. The formation of large aggre- 
gates after stirring did not usually occur until a mud had been stirred for some 
days. When however a suspension of mud was stirred gently, very large clots 
were formed during the course of about a quarter of an hour, and when stirring 
was stopped the clots settled to the bottom of the vessel after a few seconds. 
The aggregates formed under these conditions became smaller as the speed of 
stirring, and thus the degree of turbulence, was increased. 

When the properties of the mud which had clotted as the result of gentle 
stirring were examined, it was at once found that the clots formed in this way 
differed in their nature from those resulting from long periods of vigorous stirring. 
The clots formed after gentle stirring were very fragile and were broken up 
immediately when the mud suspension was stirred vigorously or poured from one 
vessel to another. In determining the settling rate of mud in the form of fragile 
clots it was necessary to introduce the suspension very carefully into the sedi- 
mentation tube. In the method adopted a mud suspension was stirred in a 5-litre 
beaker by means of a paddle attached by a thumb screw to a vertical rotating shaft ; 
the paddle was removed by loosening the thumb screw while the shaft was still 
rotating, and the beaker was carried quickly to a 9-ft. sedimentation tube into 
which the mud suspension was carefully introduced. This was done by sub- 
merging the lower open end of the sedimentation tube in the mud suspension ; 
a filter pump was connected to the upper end of the tube and suction was applied 
until the suspension had risen in the tube to the required height. The lower end 
of the tube was then closed, while still under the surface of the remaining mud 
suspension, by means of a rubber bung through which passed the collecting funnel. 
The sedimentation tube was then fixed vertically in a rack and samples were taken 
while the mud was settling. The filling of the tube had to be carried out quickly 
in order to ensure that the mud did not meanwhile settle out of suspension in the 
beaker in which it had been stirred. 

The changes in the sedimentation rate of Mersey mud brought about by 
stirring it for periods between | and 4 days at slow and moderate speeds are shown 
in Table 72 (p. 283) and in Fig. 58. In these experiments all suspensions were stirred 
in beakers of the same shape and size and by paddles of the same design, one group 
of samples being stirred at a speed of 28 revs. per minute and another at 85 revs. 
per minute. At the higher speed a moderate increase in the rate of sedimentation 
resulted, but at the lower speed the increase in the sedimentation rate was very 
much greater. The shape of the sedimentation curves in the two cases 1s different. 
The S-shape of the sedimentation curves given by mud which had been stirred 
at a relatively high speed shows that aggregation was proceeding in the 
sedimentation tube during the first 30 minutes. A mud suspension which had been 
stirred slowly was already in the form of large clots when the tube was first filled ; 
the clots immediately began to fall and the greater part of the mud settled through 
a depth of 9 ft. in the first 20 minutes. Under these conditions the shape of the 
sedimentation curve is more nearly the same as that which would be given by a 
suspension of particles which settled freely without mutual interference. In the 
second diagram in Fig. 58 is shown the result of two experiments in which different 
samples of similar mud suspensions were stirred for 1 day at 28 revs. per minute, 
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at 28 r.p.m. 
Fic. 58—Change in Rate of Sedimentation of Mersey Mud brought about 
by Stirring Suspensions at Different Speeds 
Salinity of Water approximately 25 gm. per 1,000 gm. 


for 1 day at 85 revs., and for 1 day at 85 revs. followed by stirring for two hours 
at 28 revs. per minute. The rate of settling in the suspensions stirred for 1 day 
at 28 revs. was greater than in the suspensions stirred at 85 revs., but was approxi- 
mately the same as in the samples stirred for 1 day at the higher speed, and then 
stirred for 2 hours at the lower speed. 

When the settling rate of a mud is determined without previous stirring it 
is found that the rate of sedimentation increases with increasing concentration of 
themud. In Fig. 59 is shown a series of sedimentation curves of a sample of Mersey 
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Concentration of Mud (gm. dry wt. per 100 litres) shown against each Curve 
Fic. 59—Rate of Sedimentation of Mersey Mud in Various Concentrations, either not stirred or 
slowly stirred 
Salinity of Water approximately 25 gm. per 1,000 gm. 


mud in concentrations between 10 and 50 gm. per 100 litres; these suspensions 
were poured into 9 ft. sedimentation tubes. During a period of 1} hours about 
30 per cent. of the mud settled out from the most dilute suspension, while approxi- . 
mately 90 per cent. of the mud settled from the most concentrated suspension. 
When a similar series of suspensions was stirred slowly for 1 day and the rate 
of sedimentation of the mud was determined without breaking up the aggregates 
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formed during stirring, the mud from all the suspensions settled out at approximately 
the same speed, and the rate of sedimentation in each case was mnch higher than 
for the unstirred samples. 


COMPARISON OF MERSEY Mup witH Mupbs FROM ESTUARIES IN SUFFOLK 
AND ESSEX 


In Table 73 (p. 284) are given the rates of sedimentation of two series of muds, 
one series from the Mersey Estuary and one from various estuaries in Suffolk and 
Essex which are not appreciably polluted. Suspensions of these muds were stirred 
slowly under similar conditions for periods up to 2 hours by means of paddles 
rotating at a speed of 28 revs. per minute. In general the rate of sedimentation 
increased as the period of stirring was increased. The averaged results are shown 
in Fig. 60. It will be seen that the curves for the Suffolk and Essex samples, both 
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Curves are the means given by 10 Suffolk and Essex Muds and by 8 Mersey Muds. 
Fic. 60—Rate of Sedimentation of Mersey, Suffolk and Essex Muds after stirring slowly (28 r.p.m.) 
for Different Periods 
Salinity of Water approximately 25 gm. per 1,000 gm. 


before stirring and after stirring for periods of 15, 30 and 120 minutes, are almost 
identical with the corresponding curves given by the Mersey muds, so that the 
property of forming large clots during short periods of gentle stirring is common 
to muds taken from polluted and unpolluted localities. 


SETTLING RATE OF MERSEY Mup ERODED FROM THE BOTTOM AND 
STIRRED GENTLY 


In the Estuary, mud settles out during each slack water period and is again 
brought into suspension by the moving water during the succeeding tide. The 
eroding action of the water in the Estuary on the mud at the bottom of the channels 
does not appear to be very vigorous, and during neaps the amount of mud eroded 
by the low stream velocities is small. Some experiments were therefore carried 
out in the laboratory to determine the settling rate of mud eroded from the bottom 
ofa vessel by stirring the water above the mud. . A sample of: mud was first broken 
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up with a small quantity of saline water and a dilute suspension was made by 
adding a further quantity of water of the same salinity. When such a suspension was 
allowed to stand in a beaker the finely divided mud slowly settled to the bottom 
and the sedimentation was usually found to be complete if the suspension was 
allowed to stand overnight. When the water was stirred gently until the mud 
was eroded the mud was broken off from the layer on the bottom of the beaker 
in large pieces which broke up into clots as the pieces came into suspension. The 
clots, however, did not break up into small particles unless the suspension was 
. stirred vigorously. The results of one experiment are given in Fig. 61. In this 
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Curves: A. ® Not stirred. 
B. O Stirred } hour at 28 r.p.m. 
C. O Not stirred, settled in beaker 18 hours, stirred for 4 min. at 28 r.p.m. 


Fic. 61—Formation of Aggregates in Mud suspended in Saline Water 
(Stour 11, Concentration 22-0 parts per 100,000) 


diagram are shown the rates of sedimentation of: (a) an unstirred mud, (0) a 
similar sample stirred for half an hour at 28 revs. per minute, and (c) a suspension 
of the same mud allowed to settle for 18 hours in a beaker and then brought into 
suspension by stirring for 4 minutes at 28 revs. per minute. The settling rate of 
the mud which had been eroded from the bottom of the beaker by stirring for 
4 minutes was approximately the same as that of the sample which was stirred 
for 30 minutes at the same speed. 


PROPERTIES OF THE AGGREGATES FORMED BY STIRRING 


The changes which take place in suspensions of mud stirred vigorously appear 
to be quite different from those occurring when the suspensions are stirred gently. 
If a mud suspension is stirred so as to set up violent turbulence the mud does not 
appear to be aggregated to any great extent while stirring continues, though 
visible clots may appear if stirring is continued for long periods. On allowing a 
suspension to come to rest, however, the mud forms clots more quickly than it 
did before stirring was begun. The main result of vigorous stirring, therefore, 
appears to be to increase the tendency for the mud particles to adhere when the 
mud is allowed to settle. The process by which this change takes place is a 
relatively slow one, and often no considerable change in the properties of the mud 
occurs until it has been stirred for some days. The behaviour of different samples 
of mud is however variable, the tendency to form clots being greatly increased 
by vigorous stirring of some samples while in other muds no appreciable change 
takes place. 

It may be that the changes which occur in the properties of the mud particles 
are due, at least in part, to bacterial action. For example, experiments described 
in the next chapter have shéwn that the formation of clots after vigorous stirring 
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is accelerated if the mud suspension is stirred with sewage. It has also been found 
that this effect can be reduced by the addition of chlorine, borax or formaldehyde, 
which are sterilising agents ; it is realised that results of this kind are not conclusive 
as such sterilising agents may also cause chemical and physical changes. The 
results of some experiments illustrating this point are given in Fig. 62. The forma- 
tion of clots after vigorous stirring was retarded by the presence of chlorine water, 
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Fic. 62—Effect of Sterilising Agents on Rate of Sedimentation of Mersey Mud, stirred vigorously 
for 1 Day with 5 per cent. of Settled Sewage 
Salinity of Water approximately 25 gm. per 1,000 gm. 
borax or formaldehyde. The tendency of the mud to form clots was also less 
when it was stirred vigorously at 3° C. than when stirred at room temperature. 
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Curves: A. © Mud not stirred. Curves: A. @ Stirred 7 days. 
B. O Stirred 5 to 8 days. B. O Stirred, allowed to stand 
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Fic. 63—Change in Rate of Sedimentation of Mud which has been vigorously stirred, brought 
about by allowing the Mud to stand under Water. Sewage added in some Experiments 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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The property of rapid clot formation which is induced in mud by vigorous stirring 
partly disappears if the stirred mud is allowed to stand under water for some time. 
The averaged results of some experiments are shown in Fig. 63. The first diagram 
in Fig. 63 shows the mean settling rate for 12 mud samples before stirring and after 
vigorous stirring for about a week. Similar suspensions were stirred for a week 
and were then allowed to stand, when the mud settled out and remained as a 
layer on the bottom of the beaker covered by the water in which it had been 
stirred. After a further period of one week the mud was again brought into 
suspension and its rate of sedimentation was determined; the settling rate of 
the mud was then similar to that found before the suspensions were stirred. The 
changes which occurred in the clot-forming properties of muds which were first 
vigorously stirred and then allowed to stand under water were found to vary in 
different samples. The second diagram in Fig. 63 gives the mean results for 
four experiments in which the reversion of the muds to their original condition 
was slow and no appreciable change occurred until the muds had been allowed 
to stand under water for a fortnight. In the samples used in these experiments 
the formation of aggregates after the initial period of stirring was unusually 
rapid. 

The changes which occur in mud suspensions when they are stirred gently 
are strongly contrasted with those caused by vigorous stirring. When stirred 
gently the formation of clots began almost immediately, and after stirring for 
about half an hour the mud appeared to consist of large aggregates suspended in 
almost clear water. The formation of clots under these conditions was not 
inhibited by the presence of sterilising agents. This is illustrated in Fig. 64, 
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TIME OF SEDIMENTATION: MINS. 


Curves: A. ®@ Not stirred. 
B. O Stirred 1 hour at 28 r.p.m. No formaldehyde. 
C.O Stirred 1 hour at 28 r.p.m. 0-25 per cent. formaldehyde. 


Fic. 64—Effect of Formaldehyde on the Formation of Aggregates in Suspensions 
of Mersey Mud stirred slowly (S541, Concentration 42-0 parts per 100,000) 
Salinity of Water approximately 25 gm. per 1,000 gm. 


where the settling rate of mud suspensions after gentle stirring for one hour was 
unaffected by the presence of 0-25 per cent. of formaldehyde. The mechanism 
by which mud clots are formed during gentle stirring may be similar to that which 
governs the formation of aggregates when mud settles through deep columns of 
water. In deep columns and especially with concentrated suspensions the more 
rapidly settling mud particles fall through water containing more slowly falling 
particles with which they collide and form aggregates. It is thought that the 
main effect of gentle stirring is to increase the number of collisions between the 
particles in suspension, and that the maximum clotting effect is obtained when the 
stirring is sufficiently vigorous to bring about the greatest degree of mixing in a 
mud suspension but yet is not so vigorous as to break up the aggregates formed. 
lhe fragility: of-the clotsrformed in this way is the factor limiting the speed of 
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stirring which can be used. The aggregates formed after slow stirring are so 
fragile that they are easily broken up if the mud suspension is stirred vigorously 
for a few seconds, and they are almost completely broken up by pouring the 
suspension from one vessel to another, as for example from a stirring beaker into 
a sedimentation tube. The rate of sedimentation of a sample of Mersey mud before 
stirring and after stirring slowly for four hours is given in Table 74 (p. 285) and in 
Fig. 65. In one case the stirred suspension was carefully introduced into a 9-ft. 
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Fic. 65—Stability of Aggregates formed by Stirring Mersey Mud slowly. 
Mud stirred 4 hours at 28 r.p.m. 


sedimentation tube by sucking it from the stirring beaker into the open end of 
the tube; in the other case a similarly stirred suspension was poured into the 
tube. The result of pouring the suspension was that the large aggregates which 
had been formed were broken up so that the mud had a settling rate approximately 
the same as it had before stirring. 


While the aggregates formed by gentle stirring are very fragile, the settling 
rate of mud after vigorous stirring is altered only with difficulty. The results of 
some experiments on the properties of the aggregates formed after violent stirring 
are shown in Fig. 66. The first diagram refers to three experiments in which 
similar unstirred mud suspensions were poured or gently sucked into sedimentation 
tubes; their settling rates were identical. Further suspensions were then stirred 
vigorously for 19 days, and the settling rate of the mud was determined after 
pouring or sucking the stirred material into 9-ft. tubes. The rate of sedimentation, 
which had been greatly increased by stirring, was approximately the same in both 
cases. The second diagram refers to experiments in which vigorously stirred 
suspensions were shaken for different periods in a mechanical reciprocating shaker 
before their settling rate was determined. The curves show that the settling 
rate was not greatly altered after a suspension had been shaken violently for one 
minute, but that the rate was decreased after shaking for 15 minutes. This change 
was, however, not permanent. In the third diagram is shown the settling rate 
of a mud suspension after vigorous stirring for 11 days before and after being shaken 
for 25 minutes. As a result of shaking, the rate of sedimentation was decreased ; 


when the shaken material was allowed to stand overnight and its rate of sedi- 
o 16972 : y . . 7 i 
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mentation was again determined, it was found that the mud then settled at a rate 
similar to that found before it had been shaken. 
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Fic. 66—Stability of Ageregates formed by Vigorous Stirring of Mersey Mud. Each Curve the 
Mean of 3 Experiments. 


It is evident that the changes brought about by maintaining mud in suspension 
depend very largely on the manner in which the water containing the mud is 
agitated. In determining the effect of sewage on the settling rate of mud with 
which it is maintained in suspension, it is therefore necessary to consider the effect 
of the sewage on the different types of mud aggregates which can be formed. 


SUMMARY 


When suspensions of Mersey mud were stirred vigorously for periods of several 
weeks and then allowed to settle, the original rate of sedimentation of the mud 
was generally increased. During stirring the size of the mud particles was not 
usually appreciably altered, but the effect of stirring was to increase the rate of 
aggregation of the mud particles when the suspensions were allowed to settle. 
When mud was stirred slowly an almost immediate flocculation occurred and fragile 
clots were formed which had a high rate of sedimentation. The size of the 
aggregates formed increased gradually during gentle stirring for a period of two 
hours ; the settling rate of these aggregates was approximately the same for Mersey 
muds and for muds from unpolluted localities. 

Large fragile mud aggregates, similar to those produced by gentle stirring, 
were formed when mud was allowed to settle as a layer on the bottom of a beaker 
and was then brought into suspension by stirring the water above it. 

Some experiments carried out suggest that the alteration in the properties 
of mud, which occurs when it is stirred vigorously and results in an increase in 
the rate at which it subsequently forms aggregates on standing, may be due in 
part to bacterial activity. The formation of large aggregates by gentle stirring, 
however, appears to be mainly a physical process, and is believed to be encouraged 
by the increased number of collisions between mud particles caused by gentle 
agitation of the suspension. 

The mud aggregates formed by gentle stirring are very fragile and can be 
broken up by vigorous agitation. 
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CHAPTER XIV 


EFFECT OF STIRRING WITH SEWAGE ON THE RATE OF 
SEDIMENTATION OF MUD IN DIFFERENT STATES OF AGGREGATION 


VIGOROUS STIRRING 


In a first series of experiments, suspensions of Mersey mud were stirred 
vigorously for different periods, settled sewage being added either before stirring 
or in small quantities during the period of stirring. The stirred suspensions were 
then poured into 5-litre beakers, and the concentrations of mud which remained 
in suspension at a depth of 10 cm. were determined at intervals during a sedi- 
mentation period of 3 hours. The results obtained are given in Table 75 (p. 286), 
and the average results for those experiments in which 5 per cent. of settled sewage 
was added are shown in Fig. 67. The rate of sedimentation of the mud in control 
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Curves: A. ® Stirred vigorously, no sewage. _B. O Stirred vigorously with 5 per cent. of settled sewage. 


Fic. 67—Effect of Vigorous Stirring with Sewage on Rate of Sedimentation of Mersey Mud 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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Fic. 68—Effect of Vigorous Stirring with Different Concentrations of Setlled Sewage 
on Rate of Sedimentation of Mersey Mud 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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experiments in which no sewage was added increased as a result of stirring for 
various periods up to 3 weeks. A further increase in the settling rate of the mud 
was brought about by the addition during stirring of 5 per cent. of settled sewage. 
In Fig. 68 are shown the average results of other experiments In which mud sus- 
pensions were stirred vigorously with settled sewage in concentrations of 0:25 
to 5-0 per cent. Some increase in the rate of sedimentation was brought about 
by the addition of the smaller amounts of sewage and a larger increase by the 
addition of 5 per cent. of sewage. In these experiments the effect of sewage on 
the settling rate of mud with which it was stirred varied considerably with different 
samples of Mersey mud. 

The change in the settling rate of Mersey muds resulting from stirring them 
vigorously with sewage was also determined by measuring the rate of sedimentation 
of the stirred material in tubes 4 ft., 9 ft., 20 ft. and 40 ft. in length (Table 76, p. 288). 
The mean sedimentation curves for a number of muds stirred vigorously with 5 per 
cent. of sewage, and then settled through columns 4, 9 and 40 ft. in length are shown 
in Fig. 69. The most marked increase in the settling rate brought about by the 
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Curves: A. No sewage. B. 5 per cent. sewage. 
Fic. 69—Rate of Sedimentation of Mersey Mud in Columns of Different Lengths after Vigorous Stirring 
with or without Addition of Sewage 
Salinity of Water approximately 25 gm. per 1,000 gm. 


presence of sewage was observed when the mud was subsequently settled through 
a column 4 ft. in depth; a smaller increase occurred in a 9-ft. column, but the 
settling rate of the mud through a depth of 40 ft. was not appreciably affected by 
addition of 5 per cent. of sewage. In Fig. 70 are given the results of a more complete 
experiment in which the settling rate of a mud was also determined through a 
column 20 ft. in depth. In these experiments the effect of 5 per cent. of sewage 
was negligible when the stirred mud was settled through 40 ft., there was a slight 
increase in the settling rate due to the added sewage when the mud settled through 
a depth of 20 ft., a rather greater increase through 9 ft., and a considerably greater 
increase when sedimentation through a 4-ft. column was observed. The effect 
of sewage thus progressively increased as the length of column through which the 
mud was settled was decreased. In Fig. 71 are shown the average sedimentation 
curves for a number of experiments in which suspensions of Mersey mud were 
stirred vigorously with settled sewage in concentrations of 0-1 to 5-0 per cent., 
and were then settled through columns 9 ft. in depth. No increase in the settling 
rate of these muds was caused by the presence of 0-1 to 0:3 per cent. of sewage 
during the period for which they were stirred (3 to 15 days); a small increase in 
the settling rate was brought about by the presence of 0-4 to 3-0 per cent., and 
a considerably larger increase by the addition of 5 per cent. of sewage. Increases 
in the sedimentation rate of the same order as those found in Mersey muds were 
also obtained when two samples of mud, one from the Estuary of the River Black- 
water in Essex, and one from the Estuary of the River Severn, were stirred with 
© per cent. of sewage (Table 77, p. 290). 

The effect of sewage on the settling rate of mud with which it was stirred was 
found to be greater when the suspensions were made up in Liverpool tap water 
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Curves: A @® Stirred 6 days, no sewage. 
B.O Stirred 6 days, 5 per cent. settled sewage. 


Fic. 70—Effect of Vigorous Stirring with 5 per cent. of Settled Sewage on Rate 
of Sedimentation of Mersey Mud through Columns of Different Lengths 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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Fic. 71—Effect of Vigorous Stirring with Different Concentrations of Sewage on Rate of Sedimentation 
; of Mersey Mud 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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instead of in sea water. The averaged results of two series of experiments are 
shown in Fig. 72. After stirring in tap water without the addition of sewage the 
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Fic. 72—Effect of Vigorous Stirring with Different Concentrations of Settled Sewage 
on Rate of Sedimentation of Mersey Mud in Tap Water and Sea Water. Concentration of 
Sewage shown against each Curve 
settling rate of Mersey mud through 10 cm. was comparatively low, but it was 
progressively increased by the presence of increasing concentrations of sewage 
during the stirring period. The settling rate of similar suspensions made up in 
sea water and stirred for the same length of time was, however, high, and no 
considerable change in the settling rate resulted from the addition of the same 
concentrations of sewage. The settling rate of the mud was increased to about 


the same extent by the salts present in sea water as by sewage in a concentration 
of 5 per cent.” 


VIGOROUS STIRRING WITH SOLUBLE ORGANIC COMPOUNDS 
It was found that the settling rate of a mud could be increased by stirring 
it vigorously with solutions of organic compounds. In Fig. 73 are shown curves 
of the rate of sedimentation of muds through a depth of 10 cm.; the suspensions 
had previously been stirred vigorously with or without the addition of glucose, 
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Fic. 73—Effect of Vigorous Stirring with Soluble Organic Compounds on Rate of Sedimentation of 
f Mersey Mud 
Suspensions stirred from 1 to 3 Days in Different Experiments 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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glycerol or glycine in concentrations of 1:0 and 10-0 parts per 100,000. The 
increase in the rate of settling caused by the presence of the organic compounds 
was of the same order as that brought about by the addition of 3 to 5 per cent. of 
sewage. In Table 78 (p.290) and in Fig. 74 are also given the results of similar experi- 
ments in which the added material consisted of the ultrafiltrate from sewage; 
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Curves: A, @ Stirred vigorously 2 to 4 days. B. © Stirred vigorously 2 to 4 days with ultrafiltered sewage. 
Each curve is the mean from 3 experiments. 


Fic. 74—Effect of Vigorous Stirring with Ultrafiltered Sewage on Rate of Sedimentation of Mersey Mud 
Salinity of Water approximately 25 gm. per 1,000 gm. 


a significant increase in the settling rate of the mud was caused by the addition 
of 20 per cent. of the ultrafiltrate to a mud suspension which was vigorously stirred. 
Addition of 5 per cent. or less of sewage ultrafiltrate had no significant effect. 
It had previously been found that the addition of ultrafiltered sewage without 
stirring had no immediate effect on the settling rate of Mersey mud. It may be 
that the changes which take place during the vigorous stirring of mud are partly 
due to bacterial activity which would be increased by the additional food supply 
provided by the soluble organic matter added. 


GENTLE STIRRING 


The effect of the addition of sewage to suspensions of mud stirred slowly has 
also been investigated ; the results of some experiments are given in Table 79 (p. 291), 
and the average curves are given in Fig. 75. In this figure the rates of sedimentation 
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Fic. 75—Change in Rate of Sedimentation of Mersey Mud brought about by stirring it for Periods 
) of 2 to 4 Days at Different Speeds with or without 3 per cent. of Sewage 
Salinity of Water approximately 25 gm. per 1,000 gm. 
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through a depth of 9 ft. of suspensions of mud poured into sedimentation tubes 
are shown. When the suspensions were stirred for a period of 2 to 4 days by a 
paddle revolving at 85 revs. per minute, and were then sucked carefully into a 
sedimentation tube, the rate of settling of the mud was somewhat increased by 
the preliminary stirring; stirring at only 28 revs. per minute for the same period 
caused a much greater increase. In other experiments the mud suspensions were 
stirred at the same two speeds after adding 3 per cent. of sewage. The presence 
of the sewage considerably increased the subsequent settling rate of the suspensions 
stirred at a high speed, but no increase was caused by the sewage in the mud 
suspensions which were stirred slowly. 

In the next series of experiments suspensions of Mersey muds were stirred 
slowly for different lengths of time, after which unsettled sewage in concentrations 
of 1-0 to 5-0 per cent. was added, and the stirring of the mixtures was continued 
for further periods of 1 or 2 hours. The suspensions were then sucked into 9-ft. 
vertical tubes, and the rate of sedimentation of the mud was determined. The 
stirring of the mud under these conditions caused the formation of large and fragile 
clots. The results obtained are given in Table 80 (p. 292), and the average curves 
are shown in Fig. 76. When sewage was added to the mud before stirring was 
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Curves: 1. Not stirred. Average of 14 experiments. 
2. Stirred 30 min. before addition of sewage. Average of 10 experiments. 
3. Stirred 1 hour before addition of sewage. Average of 14 experiments. 
Concentration of unsettled sewage added : 1 to 5 per cent. 


Fic. 76—Rate of Sedimentation of Mersey Mud, stirred gently for Different Periods, then mixed with 
Water or Sewage and stirred gently for a Further Period 
Salinity of Water approximately 25 gm. per 1,000 gm. 


begun and the mixture of mud and sewage was stirred slowly for 1 or 2 hours, 
the settling rate of the mud was increased by the presence of the sewage. If, 
however, the mud was stirred slowly for 30 minutes or for 1 hour before the addition 
of the sewage, so as to form clots before the sewage was added, no significant change 
in the rate of sedimentation of the mud was brought about by the presence of the 
sewage. 


GENTLE STIRRING AFTER EROSION 


In the last series of experiments suspensions of Mersey mud were made up 
in 5-litre beakers, and were allowed to settle until the mud had fallen to the bottom. 
Unsettled sewage in concentrations up to 5 per cent. was added to the super- 
natant water, which was then stirred so as to erode the mud from the bottom and 
bring it into suspension mixed with the sewage. The mud was eroded in the form 
of large pieces which later broke up into clots though the clots were not further 
broken up under the conditions of stirring. After erosion the mud was stirred 
for periods up to 3 hours, the suspensions were sucked into 9-ft. sedimentation 
tubes, and the rate of settling of the mud was determined. These experiments 
were carried out at temperatures of approximately 5° C. and 23° C. The mud 
suspensions were stirred in beakers in two large insulated boxes, one cooled with 
ice and the other heated by electric lamps, temperatures of approximately 5° C. 
and 22-5° C. being maintained by thermo-regulators. After stirring, the suspen- 
sions were quickly transferred to sedimentation tubes in insulated boxes maintained 
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at the same temperatures. The results obtained are given in Table 81 (p. 294), and 
the average results for 25 experiments at 5° C. and for 24 experiments at 22-5° C. 
are shown in Fig. 77. Under the conditions of these experiments the presence of 
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Fic. 77—Rate of Sedimentation of Mersey Mud eroded from the Bottom of a Beaker into Saline Water 
or Saline Water containing Sewage, stirred and settled at a Temperature of 5° or 22:5° C. 


sewage had no appreciable effect, either at 5° C. or at 22-5° C. on the settling rate 
of the muds. The relation between the sedimentation rates at 5° C. and at 22-5° C. 
of the mud stirred both with and without sewage can more easily be seen from 
Fig. 78; the rate of settling was considerably higher when the muds were stirred 
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Curves: A. Observed rate at 5° C. (mean of 25 experiments). 
B. Observed rate at 22:5° C, (mean of 24 experiments). 
C. Curve calculated from Curve A, allowing for effect of temperature on viscosity of water. 


Fic. 78—Rate of Sedimentation of Mersey Mud eroded from the Bottom of a Beaker into Saline Water 
or Saline Water containing Sewage, stirred and settled at a Temperature of 5° or 22-5° C. 


at the higher temperature than at the lower. It seems probable that the difference 

in the settling rate of the muds at the two temperatures is largely due to the effect 

of temperature on the viscosity of the water. After slow stirring the mud is in 

the form of large aggregates which begin to settle at once, and which do not. 

apparently increase very much in size as they fall. Their rate of sedimentation 
should therefore be governed by the law of Stokes :— 

Segre) 

Vv 582 3 

where V is the rate of fall, g is the acceleration due to gravity, r is the radius of the 

particles, s is the specific gravity of the particles, s’ is the specific gravity of the 
liquid, and c is the coefficient of viscosity of the liquid. 
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The main effect of the increase in temperature on the settling rate of mud is 
due to the decrease in the coefficient of viscosity of the water through which the 
particles fall. At 5°C. the value of the coefficient of viscosity is approximately 
1:6 times the value at 22:5°C. The rate of sedimentation of particles which 
obey Stokes’s law is therefore approximately 1:6 times as great at 22-5°C. as 
at 5°C. In Fig. 78 the calculated rate of sedimentation at 22-5° C. has been 
drawn for suspensions the sedimentation rate of which was observed at 5° C., 
the assumptions being made that the particles obeyed Stokes’s law, and that the 
only appreciable effect of the increase in temperature was a decrease in the vis- 
cosity of the water in which the particles were suspended. The calculated curves 
were thus drawn by assuming that the rate of settling was 1-6 times as great at 
22-5° C. as the observed rate at 5°C. It will be seen that the sedimentation 
curves constructed in this way are reasonably close to the observed curves at the 
higher temperature. 

The whole of the data obtained in the experiments in which mud suspensions 
were stirred slowly with and without the addition of sewage, irrespective of the 
temperature at which stirring was carried out, have been collected, and the mean 
results are shown in Fig. 79. The data are divided into two groups, one containing 
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All available experiments divided into two groups :— 
1. Weakly clotted mud (mud settled in 30 mins. not more than 75 per cent. of total). 
2. Strongly clotted mud (mud settled in 30 mins. more than 75 per cent. of total). 


Fic. 79—Effect of Sewage on Rate of Sedimentation of Mersey Mud, Clotted before the Addition of 
the Sewage 


Concentration of Unsettled Sewage usually 5 per cent. 
Salinity of Water approximately 25 gm. per 1,000 gm. 


the results of 46 experiments in which, in the suspensions stirred without sewage, 
less than 75 per cent. of the mud settled through 9 ft. in 30 minutes, and the other 
containing the results of 42 experiments in which more than 75 per cent. of the 
stirred mud settled in 30 minutes. The mean sedimentation rates for suspensions of 
mud alone and for mud mixed with sewage are shown for each group. In the first 
group, which consisted of muds not well flocculated, the addition of unsettled sew- 
age somewhat increased the rate of sedimentation. The typical ““S”’ shape of the 
sedimentation curves for Group 1 shows that the mud was not at first in the form of 
large clots, but that it formed larger aggregates as sedimentation proceeded. 
In the second group of experiments, in which the mud had been well flocculated 
by stirring, the addition of sewage did not increase the rate of sedimentation but 
slightly decreased it. A similar small decrease in the settling rate of mud was 
observed when sewage was added to mud suspensions allowed to settle through 
columns 40 ft. in depth, where again the mud reached the bottom of the tube in 
the form of large aggregates. 


SUMMARY 


The effect of the addition of sewage to mud in suspension depends on the size 
of the aggregates of mud. _If a mud suspension is vigorously stirred so as to prevent 
the formation of clots whilé stirring proceeds, the presence of sewage increases the 
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subsequent settling rate of the mud. It may be that this increase is due partly 
to increased bacterial activity since similar changes result when soluble organic 
matter is added instead of sewage and the extent of the changes which occur with 
sewage can be decreased by the addition of sterilising agents. If, however, sewage is 
added and is stirred gently with mud which has been caused to form large fragile 
clots either by previous stirring or gentle erosion from the bottom, the presence 
of the sewage does not significantly affect the rate of sedimentation of the mud. 
Sewage has no appreciable effect on suspensions containing large mud aggregates. 
In assessing the importance of sewage in its effect on the rate of sedimentation of 
mud carried in suspension in the Estuary water, it is therefore important to deter- 
mine the size and nature of the aggregates of mud which exist under natural 
conditions. 


122 


CHAPTER XV 


STATE OF AGGREGATION OF SUSPENDED MATTER IN THE 
MERSEY AND IN OTHER ESTUARIES 


During the present investigation it was observed that the mud carried in 
suspension in the Mersey Estuary was in the form of large clots. When viewed 
from a boat or from the banks, the suspended matter in the moving water had 
a granular appearance and the individual aggregates could be easily seen. Where 
the water was shallow and flowing over an uneven bed, the mud could be seen 
rising to the surface in “ boils”? and being distributed in the water without the 
large particles being broken up. When, however, water samples were taken in the 
ordinary way and poured into a bottle the mud was broken up into. particles 
too small to be distinguishable by the naked eye. A series of determinations 
was therefore carried out in which an attempt was made to measure the rate 
of sedimentation of estuarine suspended matter obtained in its natural state. The 
determinations were made during both spring and neap tides and at all states of 
the tide except during periods of slack water. 


METHOD USED 


In these determinations a 9-ft. sedimentation tube, open at both ends, was 
lowered slowly and vertically into the water from a boat drifting with the stream. 
When the tube had been lowered to a depth of 9 feet the top was closed by a bung 
and the tube was withdrawn vertically with the water inside it. When the bottom 
of the tube was a few inches from the surface of the water the lower end was closed 
with a rubber bung through which passed a small funnel of known diameter. 
The period of sedimentation was taken as having begun at this point. The tube 
was then carried ashore in a vertical position and was placed in a portable rack 
which held 6 tubes and which was set up above the high water mark at a convenient 
place on the shore of the Estuary. The solid bung was then removed from the 
top of the tube, the mud was allowed to settle, and samples were taken from the 
funnel at the bottom as in laboratory determinations. By this method the breaking 
up of the mud clots carried in the Estuary water was minimised. In some cases 
the rate of sedimentation of the suspended matter after the clots had been broken 
was also observed. This was done by taking a second sample, which was run out 
from the collecting tube into a beaker and was stirred and poured into the top 
of a second sedimentation tube in the rack. This treatment was found to break 
up the clots of mud originally present. 

Difficulties were encountered in observing accurately the rate of sedimentation 
of the unbroken clots of mud. It was necessary to lower the collecting tube to 
a depth of 9 feet from a boat moving at exactly the same speed as the stream 
since otherwise the aggregates might be broken by the relative motion between 
the tube and the water. It was necessary also to lower the tube slowly in order 
that the clots should not be broken up by the turbulence set up as the water entered 
the tube. The only places in which the work could be carried out were those 
in which a deep channel ran near the shore of the Estuary. In most places the 
tube had to be carried, after sedimentation had begun, to a position above the 
high water mark over a belt of soft mud and it was difficult to carry the tubes 
vertically while crossing this belt. It was also found difficult to keep the six 
tubes vertical during the sedimentation of the mud, especially when the wind 
was strong, since the gear used had to be light enough to be transported easily. 
The uneven temperatures set up by wind or sun often caused marked convection 
currents and it was usually found that the mud did not settle evenly at the base 
of the tube but tended to settle more on one side than on the other. The result of 
this was that a smaller quantity of mud was collected in the funnel in the centre 
of the tube than would have been the case if sedimentation had proceeded uniformly 
over the whole cross-section. | 

In laboratory experiments the amount of mud settling out after different time 
intervals has been expressed as a percentage of the weight of mud originally 
present in the suspension. he initial concentration of mud was obtained by taking 
a sample from the suspension, stirred so as to give a uniform distribution of mud, 
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before the suspension was introduced into the sedimentation tube. In field 
experiments it was impossible to determine accurately the initial mean concentration 
of mud in those suspensions which were introduced into tubes without breaking 
the mud clots. When a tube was filled by lowering the open end vertically into 
the water, the sample obtained represented a vertical section from the surface 
to a depth of 9 feet and the concentration of the mud might vary between these 
levels. The only method available for taking a duplicate sample which could be 
uniformly mixed and in which the mean concentration of mud could be determined 
was to lower a second 9 ft. tube alongside the first. It was found, however, that 
owing to the frequent distribution of mud in patches in the Estuary the mean 
concentration of mud was often different in tubes lowered as nearly as possible 
at the same time. In the field experiments, therefore, the actual weight of mud 
settling after different periods of sedimentation has been plotted. 


MERSEY ESTUARY 


The results obtained in the Mersey Estuary are given in Table 82 (p. 296). The 
experiments in which unbroken clots of mud were allowed to settle have been 
divided into two groups, one containing 29 experiments in which the sedimentation 
was continued for 90 minutes, and the other containing 27 experiments in which 
the mud was allowed to settle for 40 minutes. The mean settling curves from the 
two groups are shown in Fig. 80. In Fig. 81 are given the mean curves from two 
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Fic. 80—Rate of Sedimentation of Suspended Matter from Mersey Estuary Water. Field Experiments 
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Curves: A. Sample taken without breaking clots. B. Sample poured into tube ; clots broken. 


Fic. 81—Rate of Sedimentation of Suspended Maiter from Mersey Estuary Water. Field Experiments 


similar groups of experiments in which the settling rate of the estuarine suspended 
matter both before and after breaking up the mud aggregates was observed. 
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The curves given by the suspended matter in its natural state are similar to those 
given by suspensions of mud which have been stirred slowly and in which large 
ageregates are present. After pouring from one vessel to another the clots present 
in the Estuary water were broken up and the settling rate of the mud was then 
much lower. It appears therefore that the aggregates present in the Estuary 
water are fragile and are similar in nature to those resulting from slow stirring 
of mud suspensions or from the erosion of mud into water in which there is no 
violently turbulent movement. There was no indication that the mud aggregates 
in the Estuary water are broken up by the movement of the water even at the times 
of maximum stream velocity which occur during the highest spring tides. 

In Fig. 80 two curves (C) drawn on a similar scale are also shown. These 
curves are identical and are copied from Fig. 77 (Chapter XIV). They represent 
the mean settling rate of 25 mud suspensions which were eroded from the bottom 
of beakers, stirred slowly for various periods, and then allowed to settle; the 
stirring was carried out at a temperature of 5° C. and the sedimentation at a 
temperature of 6:5°C. The rate of sedimentation of the estuarine mud in one 
group of determinations was almost the same as that of the muds eroded in the 
laboratory and in the other group the settling rate of the estuarine material was 
the higher. It was shown in Chapter XIV that the mean rate of settling of the 
group of muds treated in the laboratory was not significantly altered when the 
muds were brought into suspension and stirred with water containing unsettled 
sewage in concentrations up to 5 per cent. The failure of the sewage to increase 
the settling rate of the mud was shown to be due to the fact that the mud was 
brought into suspension in the form of large clots. Since the clots present in 
the Estuary are at least as big as or bigger than those which were present in the 
laboratory experiments, it is very improbable that the presence of sewage in the 
Estuary water affects the rate of sedimentation of the mud carried in suspension. 


ESTUARIES OF THE RIVERS SUIR AND BARROW 


It was thought that the occurrence of mud in large aggregates in the estuarine 
water might be peculiar to the Mersey and some determinations of the state of 
aggregation of the mud in suspension in comparatively unpolluted estuaries were 
therefore carried out. It is difficult to find an unpolluted estuary in which mud 
is carried by the tide in suspensions of reasonably high concentration, since many 
of the English estuaries are polluted and in those which are not the tidal range is 
often insufficient to allow of much mud being brought into suspension. It was 
found for example that even at spring tides no considerable quantity of mud was 
carried in suspension in any of the estuaries examined in Essex, though patches 
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Curves: A. Clots unbroken. Mean of 9 determinations. 
B. Sample poured into tube and clots broken. Mean of 9 determinations. 


Fic. 82—Rate of Sedimentation of the Suspended Matter in Water from the 
Estuaries of the Rivers Suir and Barrow, Irish Free State. Field Experiments 
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of water with mud in suspension were occasionally seen. Where these patches 
occurred the mud had the same clotted appearance as in the Mersey. The large 
quantities of mud carried in the Mersey Estuary are probably due to the high 
range of the tide, which is one of the largest in England and is more than 30 feet 
during springs. A visit was paid to the River Suir and Barrow in the Irish 
Free State where it was reported that mud is carried in suspension. The estuaries 
of these rivers, though not completely unpolluted, are comparatively clean since 
the estuaries are large and the only large quantity of polluting material they receive 
is the domestic sewage from the town of Waterford at the head of the Suir Estuary. 
There are extensive salmon and herring fisheries in both estuaries. Determinations 
of the settling rate of the mud in the Suir and Barrow were made by the same method 
as that used in the Mersey ; the results are reported in Table 83 (p. 297) and the mean 
curves are shown in Fig. 82. The mud carried in the two Irish estuaries was found 
to be in a well clotted condition, as in the Mersey Estuary; the clots were fragile 
and easily broken up by pouring the suspension from one vessel to another. 


SUMMARY 


It has been shown that when Mersey or other estuarine muds are eroded froma 
layer on the bottom of a vessel by the movement of water in which turbulence is 
not too violent, the mud comes into suspension in the form of large fragile clots 
with a high rate of settling. The settling rate of the mud under these condi- 
tions is not appreciably affected by the presence of sewage in concentrations up to 
5 per cent. The mud carried in suspension in the Mersey and in the comparatively 
unpolluted estuaries of the Rivers Suir and Barrow has been found to be present 
in the form of large fragile clots similar to those which were formed in laboratory 
experiments by erosion or by gentle stirring. It is concluded that the rate of sedi- 
mentation of mud in the Mersey Estuary is not appreciably affected by sewage 

‘which, in the greater part of the Estuary, is present in concentrations considerably 
smaller than 5 per cent. 
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CHAPTER XVI 


RATE OF SEDIMENTATION OF SUSPENDED MATTER IN THE MERSEY 
AND“IN OTHER ESTUARIES 


In the previous Chapter the settling rate of Mersey mud in the form in which 
it is carried in suspension in the Estuary was discussed and it was shown that 
its accurate determination by laboratory methods presented several difficulties. 
At different times during the investigation attempts were made to measure the 
rate of settling of suspended matter in the moving water in the Estuary itself. 
A float, consisting of large crossed canvas vanes attached to a vertical pole, was put 
in the water, usually at high or at low tide, and was allowed to drift freely during 
the succeeding ebb or flood. Since only a short length of the pole carrying a small 
marking flag was above water, the float was little affected by wind and had little 
motion relative to the Estuary water. At intervals during the drift samples were 
taken at different depths at the position occupied by the float and the concentration 
of suspended matter was determined. The position of the float was determined 
at short intervals by sextant angles and the speed of the stream with which the 
float was moving was thus measured. In other cases samples were taken from a 
boat anchored in a fixed position, the stream velocity being determined by observa- 
tions taken with current meters. The results of the determinations made by both 
methods are given in Table 84 (p. 298). In this Table are also given some results 
for the content of volatile matter and the oxygen consuming capacity of the 
suspended matter; these results will be discussed in Chapter XVIII. 
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The concentrations of material found in suspension during float drifts are 
shown graphically in Fig. 83. The data have been divided into two groups, 
one showing conditions in the Upper Estuary during neap tides and the other 
during spring tides, and for each group the concentration of suspended matter 
near the surface and near the bottom is separately plotted. In most cases the floats 
were put in the water in the Narrows at low tide and were followed during the 
flood, observations often being continued during the succeeding ebb. This was 
done in order to obtain information on the conditions affecting sewage discharged 
in the Narrows at low water and carried up the Estuary during the flood tide. 
A series of float runs, the results of which are included in Fig. 83, was also carried 
out in order to obtain information on the residual seaward rate of travel of water 
in the Narrows over complete periods of ebb and flood; this series was discussed 
in Chapter IV. Most of the information obtained shows the conditions which 
exist above the Narrows during the run of the tide but comparatively little informa- 
tion is available on the conditions in the Narrows and in Liverpool Bay during 
the time of maximum stream velocity. It will be seen from Fig. 83 that the 
concentration of suspended matter in the Estuary water differs considerably 
during springs and neaps. During neaps the concentration of material in suspen- 
sion either near the surface or near the bottom was never much greater than 30 
parts per 100,000 and for the greater part of the tidal period did not exceed 20 
parts per 100,000. When a float was started in the Narrows at low water of a 
neap tide the amount of material in suspension remained at a low level until the 
float had reached the shallow part of the upper basin. During springs however 
the quantity of material in suspension was much higher and high concentrations 
of suspended matter were found after the float had travelled only a short distance 
upstream from the Narrows. 

It was found that the concentration of material in suspension was subject 
to rapid fluctuation; this was particularly noticeable in the shallow reaches of the 
Upper Estuary where sudden increases in the concentration of suspended matter 
were often observed when the float drifted over an uneven part of the Estuary bed. 
In general the suspended matter, though present in high concentrations during 
the run of the tide, settled almost entirely out of suspension at slack water both 
in the Narrows and in the upper basin. The rate at which the suspended matter 
settled, however, was found to vary considerably since the greater part of the 
settling occurred while the water was still moving. Under these conditions the 
settling of suspended matter was often affected by turbulence set up in the slowly 
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moving water as it passed over banks on the bed of the Estuary. Although the 
settling rate of estuarine suspended matter cannot for this reason be determined 
so exactly in the Estuary itself as in laboratory experiments, the results show that 
the settling rate was in all cases very high, so that both at spring and at neap tides 
only a small concentration of material remained in suspension at any depth 
at slack water. At low tide in the Narrows the depth of water is between 40 
and 70 ft., and almost the whole of the material in suspension settles out through 
this depth at slack water. The rate of sedimentation is greater than was observed 
through a 40-ft. column in the laboratory; the difference is no doubt due to the 
fact that in the laboratory experiments in which a 40-ft. column was used the 
mud in suspension was initially present in a finely divided condition, while in 
the Estuary it is present in the form of large clots throughout the run of the tide. 
High rates of sedimentation similar to those in the Estuary were obtained with 
suspensions of flocculated aggregates in the experiments with 9-ft. tubes in the 
laboratory. 

In the series of float drifts described in Chapter IV, floats were put in the water 
near the entrance to the Narrows at the same time on successive days during a 
period of a fortnight, and a float was followed continuously for 12 hours on each 
day. At the beginning of the period the float was started at about the time of 
low water so that during the next 12 hours it travelled upstream and afterwards, 
on the ebb, returned to a position not far from its starting point. The first float 
drift was carried out during a spring tide. On successive days the float was started 
at the same time of day, but, as the time of high water becomes later daily, the 
age of the tide when the float was started became successively less. After about 
a week the float was put in the water at the time of high tide, and during the 
succeeding ebb it travelled seaward of the Narrows and returned on the following 
flood. By this time, however, spring tides had given way to neap tides. On the 
whole, therefore, the results obtained show the concentration of suspended matter 
in the Upper Estuary during spring tides and in the channels seaward of the Narrows 
during neap tides. In Fig. 84 are shown the observed concentrations of suspended 
matter at a depth of 3 ft. below the surface and at a depth of 3 ft. from the bottom, 
together with the stream velocities near the surface. During spring tides high 
concentrations of suspended matter were found in the Upper Estuary, particularly 
near the bottom; during neap tides when the float was for the greater part of the 
time seaward of the Narrows the concentration of suspended matter was never 
very high either near the surface or near the bottom. It is noticeable that the 
stream velocity during neaps under the conditions of the observations was not 
greatly different from that observed during springs. The data shown in Fig. 84 
were obtained mainly from the Upper Estuary during springs and from the 
Narrows or sea channels during neaps, and it might be thought that high con- 
centrations of mud would have been found if observations had been taken in the 
Upper Estuary during neaps. In Fig. 85, however, are shown the mean results 
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of all the float observations taken in the Upper Estuary above Rock Light. 
This figure shows the average amount of material in suspension at different states 
of the tide in the surface layers and at depths greater than 4 ft. with the corre- 
sponding average stream velocity. The data have been divided into two groups, 
one taken during spring tides and the other during neaps. The concentration 
of suspended matter was much greater during springs than during neaps, although 
the mean maximum stream velocity during springs was less than 1 knot greater 
than the corresponding maximum during neaps. It is evident, therefore, that 
the comparatively high concentration of material in suspension during springs 
and the comparatively low concentration during neaps occur in all parts of the 
Upper Estuary since mud is not found in high concentrations even near the bottom 
during neaps. It seems probable that a certain critical stream velocity is necessary 
to erode mud from the bottom of the channels, but that when the mud has been 
eroded a smaller velocity is sufficient to keep it in suspension. This point is 
further discussed in Chapter XIX, where laboratory experiments on the erosion 
of mud are described. 

During springs a much greater area of mud banks is covered by the tide than 
during neaps, and some erosion of the surface of the banks during springs doubtless 
occurs. This cannot be the main factor responsible for the high concentration 
of mud carried in the Estuary water during springs since the mud banks are covered 
only when the speed of the tidal streams is low and little erosion seems to occur. 

The first diagram in Fig. 85 illustrates the changes in the quantity of mud 
carried in suspension in the Estuary during spring tides. At slack water little 
suspended matter is found. As the stream velocity increases, mud is continuously 
eroded from the bed of the Estuary into the bottom layer of water, but the 
turbulence is insufficient to lift more than about one-third of the eroded mud to 
the surface. In the latter half of the flood or ebb the greater part of the suspended 
matter settles from the surface to the bottom layers through water which is 
moving fairly rapidly. As soon as the stream velocity begins to slacken more 
mud settles than is eroded. The sedimentation period extends from this point 
until the following slack water, when little material remains in suspension. 


OTHER ESTUARIES 


From time to time during the investigation visits were made to estuaries which 
were only slightly polluted, with the intention of carrying out float drifts similar 
to those in the Mersey, in order to determine the rate of sedimentation of mud 
carried in suspension. It was found that in the estuaries of the Rivers Tay and 
South Esk in Scotland, in Lough Foyle in the north of Ireland and in all the rivers 
in the south-east of England between the Deben and the Roach, little or no mud 
is carried in suspension except possibly during rough weather. The tidal range 
and velocity of the tidal streams in these estuaries are small. Float drifts were 
however carried out in the Estuary of the River Wye (Monmouthshire), in the River 
Suir (Irish Free State) and in the Firth of Forth. All these estuaries are to some 
extent polluted but the amount of the pollution compared with the size of the 
estuary is in each case much smaller than it is in the Mersey. Float drifts were 
followed in each of the three estuaries on the flood tide, the float being started 
at the seaward end of the estuary. In Fig. 86 the mean rate of sedimentation 
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of suspended matter during spring tides in the Upper Mersey, taken from the results 
of 14 float drifts, is compared with the rate of sedimentation of mud in the Firth 
of Forth and in the estuary of the River Suir ; the rate of settling is of the same order 
in the three estuaries. In Fig. 87 are shown the results obtained during a float 
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drift in the River Wye. It was shown in Chapter XI that the settling rate of mud 
from this river, as determined in the laboratory, is lower than that of any other 
mud which has been examined. The conditions found by field determinations 
in the Wye also differed considerably from those in the Mersey, Forth and Suir; 
in the Wye the concentration of mud in suspension during the run of the tide was 
very high; near the bottom it approached a value of 400 parts per 100,000, while 
at the surface it was nearly 200 parts per 100,000. These concentrations are much 
higher than those found in the Mersey. During slack water the greater part of 
the mud between the surface and a depth of 18 ft. settled from suspension, but at a 
depth of 27 feet, which was only a few feet from the bottom of the estuary, the 
concentration of mud rose steadily during the sedimentation period. It is believed 
that the mud at the bottom was prevented from settling by a current running 
near the bottom when the water was slack near the surface. The estuary of 
the Wye is small compared with the size of the upper river, which was in spate 
at the time when the observations were taken. The current system in the Wye 
is thus subject to much greater disturbance from the incoming fresh water than 
is that of the Estuary of the Mersey. In the Wye the weight of mud transported 
by the tide and settling out at each slack water period must be very much greater 
than it is in a corresponding volume of water in the Mersey Estuary. 

It was thought that it might be possible to obtain from field observations 
an indication of the source in Liverpool Bay from which mud might be carried 
into the Mersey Estuary. It is now believed however that no reliable information 
on this point can be obtained by the methods used. The quantity of mud moving 
to and fro in the Estuary is very large and it is difficult to detect the presence 
of a small quantity of additional mud entering the Estuary. It has been found 
that during spring tides comparatively high concentrations of mud are carried 
in the Narrows and in the sea channels. The results of one series of determinations 
made under these conditions is shown in Fig. 83. In Chapter VII the concentra- 
tion of suspended matter found during the spring flood tide at the Formby and 
_ Bar Light Vessels was given; these results were taken from Table 84 (p. 298). 
At the Formby Light Vessel comparatively high concentrations of suspended 
matter were observed during the run of the tide and at the Bar Light Vessel 
some suspended matter was present at all depths. It seems evident that in 
the estuarine system of the Mersey the highest concentrations of mud are carried 
by the tide in the Upper Estuary where the water is comparatively shallow and the 
bed is uneven. Further seaward, where the water is on the whole less turbulent 
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than in the Upper Estuary, the concentration of suspended matter is lower but 
the amount of mud and sand transported is nevertheless very high. It does not 
seem likely that under these conditions any small residual drift of mud either into 
or out of the Upper Estuary could be detected by the methods available. 


SUMMARY 


The concentration of suspended matter at different depths in the Mersey 
Estuary has been determined at all states of the tide during springs and neaps. 
At the same time the velocity of the tidal stream was determined, either from 
observation of a float allowed to drift freely or by the use of a current meter at 
fixed positions. 

The concentration of material in suspension was considerably higher during 
spring tides than during neaps. It is concluded that mud is eroded from the 
bottom only when the stream velocity exceeds a critical value, but that when 
material has been eroded it is subsequently maintained in suspension by water 
moving at a lower speed. ; 

_ During each period of slack water the greater part of the suspended matter 
in the Estuary rapidly settles to the bottom at a rate similar to that observed 
with flocculated mud in experiments in the laboratory. ‘The settling rate of the 
suspended matter in the Mersey Estuary is similar to that of suspended matter in 
the Firth of Forth and in the Estuary of the River Suir; these estuaries are much 
less polluted than the Mersey. In the comparatively unpolluted estuary of the 
River Wye the concentration of mud carried in suspension and settling at slack 
water is much greater than in the Mersey Estuary. 


131 


CHAPTER XVII 


CONCENTRATION OF ORGANIC MATTER IN MUD SETTLED FROM 
SUSPENSIONS IMMEDIATELY AFTER MIXING WITH SEWAGE 


SEDIMENTATION THROUGH DIFFERENT DEPTHS 


In the first experiments in which the rate of sedimentation of mixtures of 
mud and sewage was measured, the mixed suspensions were allowed to settle 
in 5-litre beakers and samples were taken at intervals at a depth of 10 cm. The 
concentration of mud remaining in suspension at this depth was thus measured. 
In some cases the weights of insoluble organic carbon and Kjeldahl nitrogen 
remaining in suspension as sedimentation proceeded were also determined; 
the results of some experiments are shown in Fig. 88. In a suspension of mud 
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in saline water (salinity 25 gm. per 1,000 gm.) containing no sewage the concen- 
tration of insoluble organic matter at a depth of 10 cm. gradually decreased during 
a sedimentation period of two hours. With 5 per cent. of settled sewage in saline 
water but without mud the rate at which insoluble organic matter settled during 
the same period was inappreciable. In a mixture of mud and settled sewage 
with water of salinity 25 gm. per 1,000 gm., if the rate of settling of the insoluble 
organic matter of each component is unchanged, the rate of settling of the insoluble 
organic material in the mixture can be calculated. This has been done in Fig. 88 
where the two curves marked “ D” are the sum of the curves “B” and “A”. 
The observed rate of settling of the insoluble organic matter in the mixture is 
given by the curves ““C’’. The figure shows that the measured rate of 
sedimentation of the suspended organic matter in suspensions of Mersey mud 
sn mixtures of saline water and settled sewage is greater than the sum of the 
measured rates for mud and for sewage separately in saline water. From these 
results it appeared probable that part of the organic matter of settled sewage 
was carried down by mud with which the sewage was mixed. 

In experiments in which mud was allowed to settle through long tubes the 
material reaching the bottom was collected and its organic content was directly 
determined. Many determinations of this kind were made during the investigation. 
Mixtures of mud with varying amounts of sewage in saline water were allowed to 
settle in tubes 4, 9 and 40 feet in length, and in 5-litre beakers about 1 foot in depth. 
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In the tubes the mud reaching the bottom was collected in a funnel and examined 
for organic carbon and Kjeldahl nitrogen; in the beakers mud suspensions were 
allowed to settle for the same length of time, after which the supernatant water was 
siphoned off and the mud on the bottom was collected and analysed (Fig. 89). 
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Salinity of Water approximately 25 gm. per 1,000 gm. 

It was found that in general the organic carbon content of the mud settling through 
any of the depths from 1 to 40 feet was increased by the presence of sewage in the 
suspension. For the same concentrations of mud and sewage, however, the increase 
in the organic matter in the settled mud became smaller as the length of the sedi- 
mentation column was increased. Thus, in the first diagram in Fig. 89, Mersey mud 
took up from the same concentration of sewage (5 per cent.) about twice as much 
organic matter in settling through a depth of 1 foot as in settling through a depth 
of 9 feet. In the second series of 18 experiments shown in Fig. 89, the difference 
in the amount of organic matter taken up in falling through the two depths was 
still greater. The increase in the organic content of mud settling through a depth 
of 40 feet from suspensions containing sewage was not greatly different from that 
caused by a fall through a depth of 9 feet. In all cases the composition of Mersey 
mud settling from suspensions containing no sewage was unchanged whatever the 
depth of water through which it settled. 

It was found that the amount of organic carbon taken up by mud from 
suspensions containing sewage increased steadily as the concentration of sewage 
was raised from 0:1 to 5-0 per cent. The mean results from 24 experiments 
in which suspensions of mud mixed with different concentrations of sewage were 
allowed to settle through a depth of 1 foot and from 16 experiments in which 
similar mixtures were allowed to settle through 9 feet are shown in Fig. 90. 
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In falling through either depth the mud carried down increasing amounts of organic 
matter as the concentration of sewage was increased. For the same concentration 
of sewage, however, the amount of organic carbon taken up by the mud in falling 


through 9 feet was considerably less than the amount taken up in falling through 
1 foot. 


RATE OF SEDIMENTATION OF ORGANIC MATTER 


When this work was begun it was thought that the composition of mud settling 
from suspension might vary during a sedimentation period since it seemed possible 
that coarser and less organic fractions would settle first. In a number of experi- 
ments, therefore, the mud falling to the bottom of a 9-{t. column after different 
time intervals was collected and examined. The quantity of mud collected was 
not usually sufficient to allow of the determination of the organic carbon content ; 
the comparative amount of organic matter was therefore estimated by determining 
the weight of oxygen consumed from acid potassium dichromate by the method 
of Adeney (Fig. 91). It was found that the composition of the material reaching 
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the bottom remained substantially unchanged during a settling period of 13 hours. 
In Fig. 91 are shown the mean curves for 03 samples of Mersey muds and for 46 
samples of Essex and Suffolk muds, all allowed to settle from suspensions in saline 
water of salinity 25 gm. per 1,000 gm. The mean organic content in the two groups 
was, initially, approximately the same and the composition of the mud settling 
from suspension during the period of 1} hours did not alter appreciably and was 
roughly the same as that of the muds before sedimentation. A similar mean curve 
for 10 samples of more organic muds dredged from the bed of the Manchester Ship 
Canal is also shown; here again the composition of the material settling throughout 
the sedimentation period was nearly constant. In a fourth group of 21 samples 
of Mersey muds the organic content of the material settling during a period of 
11 hours from suspensions in saline water and from suspensions containing 5 per 
cent. of settled sewage was determined. With these muds in saline water without 
sewage, the settled material became rather less organic towards the end of the 
settling period. When sewage in a concentration of 5 per cent. was added, the 
organic content of each fraction was higher than without sewage, but the relative 
organic content of successive fractions was not appreciably altered. In one series 
of five experiments, suspensions of mud with and without the addition of 5 per cent. 
of sewage were allowed to settle through a depth of 40 feet and the mud reaching 
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the bottom after different time intervals was collected. With these samples 
sufficient material was collected to allow of the determination of the organic 
carbon content (Fig. 92), and the results obtained may be used for comparison 
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with the similar results in which the organic content of mud was determined by 
the method of Adeney. The mud reaching the bottom of the 40-ft. column had 
approximately the same composition throughout a period of two hours when the 
suspensions were made up in saline water. When sewage was added in a con- 
centration of 5 per cent. the composition of the settled mud was at first constant, 
but after 70 minutes the organic content of successive fractions slightly increased. 
In some of these experiments unsettled sewage was used, and it is possible that the 
coarse suspended matter of the sewage began to settle out independently. 


ORGANIC MATTER REMOVED BY MUD FROM SEWAGE 


In general, if either settled or unsettled sewage is added to a suspension of 
finely divided mud in saline water in columns 1 to 40 ft. in depth some of the 
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organic matter of the sewage is carried down with the mud. A few experiments 
were made to determine whether all or only a part of the insoluble organic matter 
of the sewage was taken out of suspension under these conditions. Sedimentation 
tubes 9 ft. in length were made, each with two side tubes, one at a distance of | ft. 
from the bottom and another at 1 ft. from the top, so that after the sedimentation 
of the mud, samples of supernatant liquid could be withdrawn for analysis. The 
mean results of 36 determinations are shown in Fig. 93. When increasing con- 
centrations of sewage were added to similar mud suspensions and the mixtures 
were allowed to settle for 1} hours, the organic content of the material remaining 
in suspension at the end of this period progressively increased. It is evident, 
therefore, that only a part of the insoluble organic matter of the sewage had been 
carried down by the mud. For those experiments in which the concentration 
of sewage used was 5 per cent. the compositions of the mixture of mud and sewage 
initially in suspension and of the mud which settled out in 14 hours are also shown. 
The organic content of the mud which settled was increased by the presence of 
the sewage, but the settled material had a smaller organic content than the original 
mixture of suspended matter. From the mixed suspension most of the mud but 
only part of the insoluble organic matter of the sewage settled, so that the organic 
content of the material remaining in suspension after the mud had settled was 
greater than that of the original mixture of mud and sewage. These results are of 
interest in explaining the conditions found in the Estuary, and will be referred to 
again in the next chapter. 


EFFECT OF SIZE OF MupD PARTICLES 


It has been shown that the amount of organic matter taken up by mud from 
sewage in saline water becomes less as the depth through which the mud settles 
is increased. It has also been shown that the size of the mud aggregates formed 
increases with increasing depth. It seemed probable, therefore, that the amount 
of organic matter extracted from sewage by a mud suspension would be dependent 
on the size of the mud clots, since it was to be expected that large mud aggregates 
having a relatively small surface area would take up less organic matter than 
finely divided mud. In two experiments the uptake of organic carbon by mud 
when a suspension of mud in saline water and sewage was allowed to settle through 
a depth of 1 ft. was measured. Similar mud suspensions without added sewage 
were put into 5-litre beakers. A sedimentation tube 9 ft. in length and open at 
the bottom was then placed vertically with its lower end dipping under the surface 
of the liquid and reaching nearly to the bottom of the beaker. The mud sus- 
pension was stirred for a few minutes, and was drawn into the sedimentation tube 
by applying suction to its upper end. The whole of the suspension could be drawn 
into the tube with the exception of a layer about a quarter of an inch in depth, 
which remained in the beaker as a seal. The mud was then allowed to settle for 
about 15 minutes in the vertical tube until clots had formed. When this had 
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occurred the appropriate amount of sewage was added to the beaker, and the 
mud suspension was run gently from the tube to the beaker by opening a valve at 
the top. The mixture of clotted mud and sewage was then allowed to stand for 
a further period of 14 hours in the beaker. The results of two experiments are 
shown in Fig. 94. In both cases the amount of organic matter taken up from 
similar concentrations of the same sewage was less when the mud had been clotted 
before the addition of the sewage than when the mud was finely divided. In 
one experiment a third series of mixtures of mud and sewage was allowed to settle 
through a 9-ft. tube; the amount of organic matter extracted by the mud was 
then rather less than that taken up by clotted mud falling through a depth of | ft. 
in a beaker. It is probable that the clots formed in the 9-ft. tube were larger 
than those transferred to the beaker, since the aggregates are fragile and may 
have been partly broken up during transference from the tube to the beaker. 
In some further experiments a suspension of mud was stirred vigorously in 
saline water for different periods up to 4 days. On each day a quantity of this 
material was mixed with 5 per cent. of fresh settled sewage and the organic content 
of the material settling through 9 ft. from the mixture was determined. The 
results are shown in Fig. 95. The amount of organic carbon taken up by the mud 
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Fic. 95—Organic Carbon in Mud setiled through 9 ft. in 14 hours from Suspensions 
im Saline Water (Salinity 25 gm. per 1,000 gm.) containing 5 per cent. of Sewage. 
Mud Suspensions stirred for Different Periods before adding Sewage 

from the sewage decreased as the preliminary period of stirring of the mud was 
lengthened. This was probably due to the increased rate of clotting induced by 
the stirring. In another experiment a sample of mud was kept for three days 
without stirring, and on each day was mixed with mixtures of sewage with saline 
water which had been stirred vigorously for different periods. The concentration 
of organic carbon in the settled mud is shown in Table 85. 


TABLE 85—Organic Carbon Content of Mud settled for 14 Hours through a Depth of 
9 ft. from Suspensions in Saline Water containing 5 per cent. of Sewage 
Mixtures of Saline Water and Sewage previously stirred for Different Periods 











Period of preliminary | Organic carbon in sediment 
stirring (days). (per cent. of dry weight). 

0 4-4 

1 4+3 

g 2 roils) 

| 3 3-9 
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The amount of organic matter taken up by the mud from the sewage was 
smallest where the sewage had been stirred for the longest periods. The results 
of an experiment in which both mud and sewage in saline water were vigorously 
stirred separately and together are shown in Table 86. 


TABLE 86—Organic Carbon Content of Mud settled for 14 Hours through a Depth of 
9 ft. from Suspensions in Saline Water containing 5 per cent. of Sewage 


Mud and Sewage previously treated in Different Ways 























Treatment of mud and sewage Organic carbon in sediment | 
before mixing. (per cent. of dry weight). 
Mud not stirred ; sewage not stirred 4:7 | 
Mud stirred 1 day; sewage not stirred | 4-5 
Mud not stirred; sewage stirred 1 day ea 4-4 
Mud stirred 1 day; sewage stirred 1 all 4-3 
Mud and sewage stirred together 1 day | 4-8 














The organic content of the material settling from the mixture of mud and 
sewage was decreased when either the mud or the sewage had previously been 
stirred alone for one day and a further decrease occurred when both components 
had been stirred before mixing. When the mud and the sewage were stirred 
together, the organic content of the sediment was greater than that settling from 
a mixture in which neither component had been stirred. 


RELATION BETWEEN CONCENTRATION OF ORGANIC MATTER IN SUSPENSION AND 
AMOUNT REMOVED BY MupD 


It has been shown that in general the organic content of mud settling from 
suspension in saline water containing sewage increased as the concentration of 
sewage in the suspension was increased. In some further experiments muds were 
allowed to settle from suspensions in saline water containing sewage and were then 
collected and settled from similar mixtures of sewage and saline water, this pro- 
cedure being repeated several times (Fig. 96). It was found that as the sedimen- 
tation of the mud through fresh mixtures was repeated, the mud continued to 
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Fic. 96—Uptake of Organic Carbon by Mud settled Several Times from Successive Mixtures 
of Sewage and Saline Water (Salinity 25 gm. per 1,000 gm.) 


gain organic matter. As in the previous experiments the increase was smaller 
when the mud settled through a depth of 9 ft. than through a depth of I ft. 

It was shown in Fig. 93 that the whole of the insoluble organic matter of sewage 
mixed with a mud suspension was not carried down by the mud. A mud con- 
tinued however to gain organic matter when mixed with successive quantities 
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of diluted sewage. It was thought therefore that a mud which had carried down 
part of the sewage with which it was mixed might carry down a further quantity 
of organic matter if it were again brought into suspension and re-settled. Some 
experiments were carried out in which a mixture of mud and sewage in saline water 
was allowed to settle either in a 9-ft. tube or in a beaker and the organic content 
of the material reaching the bottom was determined. Similar suspensions were 
allowed to settle under the same conditions and afterwards the mud and the 
supernatant liquid were again mixed and allowed to settle for a further period. 
This procedure was repeated several times. The results are shown in Fig. 97. 
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Fic. 97—Ubptake of Organic Carbon by Mud settled a Number of Times through the Same 
Mixture of 5 per cent. Settled Sewage in Saline Water (Salinity 25 gm. per 1,000 gm.) . 


In general the organic content of the mud did not increase after successive 
sedimentations from the same liquid but tended to decrease. This may be due 
to the fact that after each sedimentation the mud aggregates containing some sewage 
material were broken up when the mud was again brought into suspension, 
so that the conditions during each successive sedimentation were similar. The 
proportion of the total quantity of sewage matter which the mud was capable of 
carrying down did not therefore increase during successive sedimentations. The 
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observed small decrease may be due to the fact that the extent of clotting of the 
mud increased as the sedimentation was repeated. If mud to which organic 
matter had been added during settling had retained this organic matter when it 
was again brought into suspension, no decrease in the organic content of the mud 
would have occurred and since the liquid still contained some organic matter of 
sewage in suspension, further additions to the organic content of the mud during 
repeated sedimentation would have been expected. The fact that under these 
conditions some sewage capable of associating with mud does remain in the liquid 
is shown by two other experiments (Fig. 98). Here mud was allowed to settle 
from a suspension containing sewage, and the mud which had reached the bottom 
was removed. The supernatant liquid was then run off and was mixed with 
a further quantity of fresh mud. When this procedure was repeated some organic 
matter was taken up from the sewage by each of four successive amounts of mud 
allowed to settle through it, but the amount of organic matter extracted became 
smaller as the sedimentation was repeated. | 


It has now been shown that the amount of organic matter extracted from a 
mixture of saline water and sewage by a given sample of mud increases with in- 
creasing concentration of sewage. After the mud has settled the liquid still 
contains organic matter, some of which can be removed by a fresh sample of mud 
but not by the mud which was first settled through the sewage. These results 
suggest that the amount of organic matter taken up by a mud reaches an equilibrium 
with the concentration of organic matter in the liquid through which it settles. 
If this is the case it is to be expected that when the organic content of a mud has 
been increased by allowing it to settle from a mixture containing sewage, the 
additional organic matter will be partly removed if the mud is mixed with clean 
water or with water containing a smaller concentration of sewage than that which 
caused the initial addition of organic matter to the mud. The results of some 
experiments in which this point was examined are shown in Table 87. 


TABLE 87—Removal of Organic Matter from Mud previously mixed with Saline 
Water and Sewage, by Sedimentation through Water of Salinity 25 gm. per 
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In another series of experiments, the results of which are shown in Fig. 99, this 
procedure was repeated except that the second sedimentation of the mud was 
carried out both in clean saline water and in water containing relatively small 
concentrations of sewage. The most complete removal of the added organic matter 
occurred when the mud was settled through clean water, but partial removal also 
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Fic. 99—Removal of Organic Matter from Mud, recently settled from a Suspension 
containing 5 per cent. of Sewage, brought about by Further Sedimentation from Suspension 
in Saline Water containing Sewage in Concentrations between 0 and 1 per cent. 


occurred in water containing 1 per cent. of settled sewage; the amount of organic 
matter removed increased as the concentration of sewage was decreased below 
Pypetecent 


Although organic matter recently added to mud by allowing it to settle 
from suspensions containing sewage could readily be removed, the organic matter 
present in muds as taken from the Estuary cannot similarly be separated. In 
Table 88 are shown the original organic carbon contents of 69 samples of Mersey 
muds before and after sedimentation through 9-ft. columns of saline water with- 
out sewage. The samples have been divided into three groups according to 
their initial organic content and the averages of the three groups appear in the 
Table. In no case was the organic content of these muds appreciably affected 
by sedimentation. It would appear, therefore, that Mersey mud contains firmly 
attached organic matter which cannot be readily removed by washing with clean 
saline water. If the mud is brought into contact with sewage it can become asso- 
ciated with further quantities of organic matter, the amount taken up depending 
on the concentration of sewage in the suspension. The organic matter taken up 
in this way is not firmly attached and can be relatively easily removed. It is 
possible that this may in part be responsible for the comparative constancy of the 
organic content of different muds with the same inorganic composition, whether 
they occur in polluted or unpolluted localities. In sediments containing very high 
concentrations of organic matter, part of the organic matter is not firmly attached, 
and can be washed off by allowing the mud to settle through clean water. This 
occurs with mud dredged from the bed of the Manchester Ship Canal; it was 
found that increasing amounts of organic matter were washed off from a sample 
of this mud during successive sedimentations through saline water (Table 89). 


TABLE 88—Composition of Mersey Mud before and after Sedimentation through a 
Column of Saline Water 9 ft. in Depth 








Organic carbon content of mud (per cent. 
Nova of dry weight). 





experiments. 
After sedimentation 


Before sedimentation. through saline water. 








15 3-58 3:67 
38 3-88 3-82 
16 3°98 3-98 
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TABLE 89—Loss of Organic Carbon from a Sample of Mud dredged from the Manchester 
Ship Canal, when allowed to settle through Saline Water 














Number of Length of | Organic carbon 
times settled column through content of sediment 
through saline which mud settled | (per cent. of dry 
water. (ft.). weight). 

1 1 18-3 

1 o 16-8 

2 1 16-6 

2 9 16-0 

4 1 15*7 

dq 9 15-8 

















It has been shown that for a given concentration of mud the amount of organic 
matter taken up from a suspension in saline water containing sewage increases 
with increasing concentration of sewage. The amount of organic matter extracted 
also depends on the concentration of the mud. In the first diagram in Fig. 100 
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sewage. 2-5 per cent.; diluted. 

B. Settled through 1 ft., 5 per cent. of B. Mud -060 per cent., sewage 
sewage. 5:0 per cent.; diluted. 

C. Settled through 9 ft., 5 per cent. of C. Mud -059 per cent., sewage 
sewage. 5-0 per cent. ; diluted. 


Fic. 100—Upiake of Organic Carbon by Mud from Suspensions in Saline Water (Salinity 25 gm. 
per 1,000 gm.) containing Sewage. Mud and Sewage in Different Relative Concentrations 


is shown the increase in the organic content of muds allowed to settle in different 
concentrations (5 to 60 parts per 100,000) from suspensions containing sewage ; 
the highest increases in the organic content occurred with the lowest concentrations 
of mud. The second diagram in Fig. 100 refers to experiments in which a strong 
suspension of mud in saline water containing sewage was diluted to different extents 
with clean saline water. In these experiments the concentration of sewage 
decreased at the same rate as that of the mud, the ratio of mud to sewage being 
the same in each case; in these circumstances the largest increase in the organic 
content of the settled mud occurred with the most concentrated suspensions. 
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SUMMARY 


When settled or unsettled sewage is added to suspensions of fine particles 
of mud in saline water, the mud in settling carries down with it some of the sewage 
material. The amount of sewage which settles with the mud decreases as the depth 
of water through which the mud falls is increased. The quantity of sewage brought 
down with the mud also decreases if the mud has previously been treated in such 
a way that the rate at which it forms clots while settling is increased. 

The organic content of the suspended matter falling to the bottom of a 9-ft. 
or 40-ft. column from a mixture of mud and sewage in saline water does not alter 
appreciably during a settling period of 14 hours. 

The organic content of fine particles of mud settling from mixtures of saline 
water and sewage increases when the concentration of sewage in the mixture is 
increased. When the material which has settled to the bottom is again allowed 
to settle from water containing sewage there is a further gain in organic matter in 
the sediment ; further increase in the organic content of the sediment occurs when 
this treatment is repeated. 

When mixtures of fine particles of mud and sewage in saline water are allowed 
to settle, most of the mud but only part of the insoluble organic matter of the 
sewage settles. The remainder of the insoluble matter of the sewage is not removed 
by the mud when it is again brought into suspension in the same liquid and re-settled. 
Part of the remaining sewage can, however, be caused to settle by bringing fresh 
mud into suspension in contact with it. 

The organic content of Mersey muds is not altered by allowing them to settle 
through clean saline water. If their organic content is increased by allowing 
them to settle from suspensions containing sewage, part of the added organic matter 
is removed when the muds are subsequently allowed to settle through clean water 
or through water containing smaller concentrations of sewage. Part of the organic 
matter of muds dredged from the bed of the Manchester Ship Canal, which initially 
contain much organic matter, can similarly be removed by sedimentation through 
clean saline water. 

In mixtures of mud and sewage in saline water, for a given concentration of 
sewage the increase in the organic content of the sediment reaching the bottom 
is greater the lower the concentration of mud in the original suspension. 
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CHAPTER XVIII 


COMPOSITION OF MUD SETTLED FROM PREVIOUSLY STIRRED 
SUSPENSIONS CONTAINING SEWAGE 


VIGOROUS STIRRING 


It has been shown that the settling rate of the suspended matter in suspensions 
of mud in saline water and in sewage and saline water is increased if the suspensions 
are first vigorously stirred. The increase in the ability of mud to form quickly- 
settling flocs induced by vigorous stirring in water containing sewage is accom- 
panied by an increased transference of organic matter from the sewage to the mud 
during settling. In the first diagram in Fig. 101 are shown the mean results from 
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Fic. 101—Rate of Sedimentation through a Depth of 10 cm. of Insoluble Organic Matter from Suspensions 
of Mersey Mud in Water of Salinity 25 gm. per 1,000 gm., with or without 5 per cent. of Settled Sewage. 
Suspensions previously stirred vigorously 1 to 4 days 


9 experiments in which suspensions of fine particles of mud in saline water and in 
saline water containing 5 per cent. of settled sewage were allowed to settle in beakers 
before and after vigorous stirring. At intervals during the settling period samples 
were taken at a depth of 10 cm. below the surface and the relative weight of insoluble 
organic matter in each sample, as measured by the oxygen consumed from potassium 
dichromate, was determined. In these experiments the rate at which insoluble 
organic matter settled from suspensions of mud in saline water (salinity 25 gm. 
per 1,000 gm.) was not significantly altered by stirring. When mixtures of mud, 
sewage, and saline water were stirred, however, the rate at which the insoluble 
organic matter settled was considerably increased. Experiments of this kind 
show that part of the insoluble organic matter of sewage is caused to settle at an 
increased rate when the sewage is stirred vigorously with a suspension of mud, 
but they do not indicate whether the sewage material settles independently of the 
mud or whether the mud and sewage fall out of suspension in an associated form. 
Some further information is given by the second diagram in Fig. 101. In this 
diagram, which was prepared from the mean results of 4 experiments, are shown 
the settling rates of suspended organic matter in suspensions of mud, of sewage, 
and of mixtures of mud and sewage in saline water, all after vigorous stirring. 
The fourth curve ‘‘ D” in the diagram shows the calculated settling rate of the 
insoluble organic matter in a mixture of mud and sewage, on the assumption that 
the settling rate of each component of the mixture was the same as when the 
two components were stirred and settled separately. It will be seen that the rate 
of sedimentation of the insoluble organic matter in the mixture of mud and sewage 
was greater than would have been the case if there had been no interaction between 
the two constituents. It seems reasonable to suppose, therefore, that when a 
mixture of mud and sewage in saline water is stirred vigorously and allowed to 
settle, some of the organic matter of the sewage is carried down attached to the 


mud. 


o 16972 L 
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Similar results were obtained when smaller concentrations of sewage were 
used (Table 90). 


TABLE 90—Rate of Sedimentation through a Depth of 10 cm. of the Insoluble Organic 
Matter from Suspensions of Mersey Mud in Water of Salinity 25 gm. per 1,000 gm. 
containing Different Amounts of Sewage 


Suspensions previously stirred vigorously 1 to 4 Days 
Mean of 10 Experiments 


Oxygen consumed by material remaining in suspension at a depth of 10 cm. 





Sewage (mg. O per 100 ml.) after : 
added 

(per cent.). 0 | 10 min. | 30 min. | 1 hour. | 2 hours. | 3 hours. 
0 1°59 1:14 O77 0-53 0-39 0-34 
0:25 1-61 1-12 0-76 0-54 0:37 0-33 
0:5 1-71 1-15 0-72 0-52 0-39 0-24 
1-0 1-77 1-26 0-73 0:55 0-37 0-30 
2°0 2:06 1-34 O77 0-57 0-42 0-35 
5:0 291 1277 1-00 0-69 0-65 0-47 


The Table contains the mean results from 10 experiments in which settled 
sewage in concentrations from 0:25 to 5-0 per cent. was mixed with mud suspen- 
sions and stirred vigorously. The addition of increasing amounts of sewage 
increased the initial weight of insoluble organic matter in the mixtures. After a 
settling period of about 1 hour, however, the concentration of organic matter 
remaining in suspension at a depth of 10 cm. was substantially the same in every 
case, indicating that the increasing amounts of organic matter added with the 
sewage had by this time fallen out of suspension. 


Suspensions of mud when stirred vigorously with organic matter in solution 
are also capable of causing part of the soluble material to become insoluble. 
In Fig. 102 are shown in curves “ A ”’ the rate of settling of insoluble organic matter 
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In each diagram the insoluble organic matter derived from added soluble material is represented by D-E. Each 
point on the Curve C, is obtained by adding D-E to the corresponding ordinate of Curve A. 


Fic. 102—Rate of Sedimentation of Organic Matter from Suspensions of Mud in Water of Salinity 25 gm. 
per 1,000 gm., afier stirring vigorously with or without the Addition of Soluble Organic Materials 


from suspensions of mud in saline water after vigorous stirring. Curves “B” 
give the corresponding rates of settling after similar mud suspensions had been 
stirred vigorously with glucose or glycine in concentrations of 0-01 per cent. or 
with ultrafiltered sewage in concentrations of from 5-0 to 20-0 per cent. After 
stirring, the weight of insoluble organic matter in the mud suspensions had increased 
as part of the soluble organic matter had become insoluble. When the mixed 
suspensions were allowed to settle, the greater part of the newly-formed insoluble 
organic matter settled out with the mud. 
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There does not appear to be any appreciable difference between the amount 
of organic matter taken up by mud from sewage whether stirred in fresh or in 
salt water. The results of one experiment are shown in Table 91. 


TABLE 91—Ubtake of Organic Carbon by Mud stirred vigorously with Sewage 
in Sea Water or Tap Water 


Mean of 2 Experiments 


Organic carbon (per cent. of dry wt.) 


Concentration in mud settling in 3 hours through 
of sewage with 1 ft., after stirring vigorously for 1 
which mud was to 3 days. 

stirred 
(per cent.). 
Sea water. Tap water. 
0 4°5 4°5 
0:25 4-5 4-6 
0-5 4-6 4-8 
1-0 4-8 4-9 
2:0 5:1 5-1 
5:0 6-1 6-3 


Mersey mud was stirred for 3 days with various concentrations of settled 
sewage, the diluent in one case being sea water and in the other tap water; after 
stirring, the suspensions were allowed to settle through a distance of 1 foot for 
3 hours, the supernatant water was siphoned off and the organic carbon content 
of the mud which had fallen to the bottom was determined. The gain of carbon 
by the mud was roughly proportional to the concentration of sewage and was 
approximately the same in sea water and in tap water. 

The extraction of organic matter from sewage by mud when the two are 
stirred vigorously together in saline water appears to be a relatively slow 
process. In Fig. 103 is shown the organic carbon content of mud settled through 


CURVES: A. NOT STIRRED. CURVES: A NOT STIRREO 
B. STIRRED e DAYS. f&&. STIRRED 1 DAY. 
Cc a Seria Cc: “ 4 DAYS. 





w 
of MEAN OF 2 EXPTS. 
ie : 
me Sf 
96 
4 
ie 4 
a 
a9) 
oo 
Z = 
PE 2 
we = 
ZO 
uy 
zu 
OF 
90” oO 
25 3-0 4-0 50 40 6-0 80 90 


ORGANIC CARBON CONTENT OF MUD SETTLING THROUGH 
FT IN 3 HOURS. (PER CENT.) 


Fic. 103—Uptake of Organic Carbon by Mud with which Sewage is stirred vigorously 
for Different Periods. Suspensions in Water of Salinity 25 gm. per 1,000 gm. 


a distance of 1 foot during three hours from suspensions containing sewage which 
had been stirred previously for different periods; the organic content of the mud 
settling under these conditions increased daily as stirring was continued for a period 
of 4days. In Fig. 104 are shown the results of experiments in which Estuary water 
containing suspended mud was stirred with various concentrations of settled 
sewage from 0-25 to 5 per cent. At intervals stirring was stopped, the suspended 
matter was allowed to settle for three hours, the supernatant liquid was siphoned 
off and replaced by saline water containing the same concentration of sewage as 
L 2 
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IN 3 HRS : PER CENT. 


ORGANIC CARBON IN MUO SETTLEO 





THROUGH JFT. 
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2 4 5 
SEWAGE ADDED IN EACH AODITION: PER CENT. 


Curves: A. Mud + Sewage. Curves: A. Mud + Sewage. 
B. Mud + Sewage, stirred 1 day. B. Mud + Sewage. Sewage replaced, stirred 
C. Mud + Sewage. Sewage replaced, stirred 2 days. 
2 days. C. Mud + Sewage. Sewage replaced twice, 
D. Mud + Sewage. Sewage replaced twice, stirred 3 days. 


stirred 3 days. 


Fic. 104—Ubptake of Organic Carbon by Mud stirred vigorously with Successive 
Quantities of Sewage in Water of Salinity 25 gm. per 1,000 gm. 


before; vigorous stirring of the mixture was then continued. Under these condi- 
tions very large increases in the carbon content of the mud occurred. Thus after 
three additions of 5 per cent. of sewage the carbon content of one sample of mud 
rose from 5-0 per cent. to 14:0 per cent. Mud under these conditions of vigorous 
stirring is also capable of extracting relatively large amounts of organic matter 
from concentrations of sewage less than 0-25 per cent. This is shown in Fig. 105 


12-5 





10:0 


iS 


ORGANIC CARBON IN MUD SETTLING THROUGH | FT. 


— 

fe ee 

ve 

w 

(5) 

Y 

w 

a 

SoG 

o 

i0"4 

z 

i] 

Zao 
2 4 6 8 

LENGTH OF TIME STIRRED 

(WEEKS. ) 


Curves: A. 0-025 per cent. unsettled sewage added daily. Total addition 0-575 per cent. 
B. 0-10 per cent. settled sewage added daily. Total addition 4-3 per cent. 


Fic. 105—Uptake of Organic Carbon by Mud stirred vigorously with Sewage in Water of Salinity 
25 gm. per 1,000 gm. Fresh Sewage added daily 


which gives the results of two experiments in which small concentrations of sewage 
were added every day to a suspension of mud; on each day during the period 
of the experiment the mud was stirred vigorously and allowed to settle, part of the 
supernatant water was siphoned off and replaced by saline water containing settled 
sewage and stirring was continued. In one experiment the organic carbon content 
of the mud rose during a period of 8 weeks from 4:0 per cent. to approximately 
11-0 per cent. as the result of the daily addition of 0-1 per cent. of settled sewage. 


Asin the case of unstirred mixtures of mud and sewage in water the organic 
content of the mud settling from vigorously stirred mixed suspensions becomes 
lower as the depth of water through which the mud settles is increased. This has 
been found in a number of experiments the mean results of which are shown in 
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Fig. 106. The organic carbon content of mud settling from suspensions containing 
sewage was in every case higher after the suspensions had been vigorously stirred 


ORGANIC CARBON ADDED TO SETTLED MUD 
BY TREATMENT WITH SEWAGE, (PER CENT.) 





CONCENTRATION OF SEWAGE. 
(PER CENT.) 


Curves: O A. Settled through 1 ft. (18 expts.) 
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Fic. 106—Uptake of Organic Carbon from Sewage by Mersey Mud when Suspensions of Mud and Sewage 
ave mixed or are stirred vigorously together in Water of Salinity 25 gm. per 1,000 gm. 


than it was before stirring, but under the same conditions the organic carbon 
content of mud settling both from unstirred and from stirred suspensions was smaller 
when the mud was settled through a distance of 9 feet than through a distance of 
1 foot. The results of further experiments in which stirred and unstirred mixtures 
of mud and sewage were allowed to settle through a distance of 9 feet are given 
in Table 92. In these 16 experiments the mud was allowed to settle both before 
and after vigorous stirring from suspensions containing different concentrations 
of sewage, and the weight of oxygen consumed by the settled mud was determined. 


TABLE 92—Organic Matter taken up by Mud from Sewage in Water of Salinity 
25 gm. per 1,000 gm. in settling through 9 ft., before and after Vigorous 
Stirring of the Mixed Suspensions 





Oxygen consumed by mud settled 
through 9 ft. in 14 hours (per cent. 





No. of Sewage added of dry weight). 
experiments. (per cent.) 
Before stirring. | After stirring. 
5 so 10-2 10-2 
0-25 10-3 10-2 
3 0 10-8 10-3 
1-0 10-7 10-7 
8 0 1 eee liv] 
5:0 1 Ge 12-4 


Some increase in the organic content of the mud was brought about by the 
presence of sewage and a further increase occurred after the suspensions containing 
5 per cent. of sewage had been stirred but the gain in organic matter was by no 
means as high as in the experiments in which similar suspensions were allowed 
to settle through a depth of 1 foot. This suggests that while some change in the 
nature of the mud and sewage is brought about by stirring, the effective association 
of the mud and sewage occurs when the mixture is allowed to settle. 
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GENTLE STIRRING 

In Chapter XIV the change in the settling rate of mud brought about by 
stirring it under different conditions with sewage was described. It was found 
that the settling rate was increased when mixed suspensions were stirred vigorously 
together, but that no appreciable change in the settling rate occurred when mud 
in the form of fragile clots was stirred slowly with sewage. It was also shown that 
the uptake of organic matter from sewage by mud is reduced by any treatment 
which causes the mud to form large clots. These clots were formed by allowing 
the mixture of mud and sewage in saline water to settle through deep columns 
in which large aggregates of mud were formed or by previous stirring of the mud 
suspension. It was therefore expected that, when mixtures of mud and sewage 
were stirred slowly together and the mud was allowed to settle in the form of 
large aggregates, the uptake of organic matter from the sewage would be small. 
It was found, however, that under these conditions the amount of organic matter 
settling with the mud was considerable. In Table 93 are shown the results of 
some experiments in which suspensions of mud were stirred slowly for different 
periods during which large clots were formed. Unsettled sewage was then added 
to the suspensions and the mixtures were stirred slowly for a further period of 
1 to 2 hours. The suspensions were then carefully sucked into 9-ft. sedimentation 
tubes, care being taken not to break up the mud aggregates; the material was 
allowed to settle for 1$ hours and the organic carbon content of the mud reaching 
the bottom was determined. 


TABLE 93—Ubptake of Organic Carbon by Mud stirred slowly with Unsetiled Sewage 


in Water of Salinity 25 gm. per 1,000 gm. for Periods of 1 to 2 Hours 
Mud previously stirred for Different Periods before Addition of Sewage 














Conceinoren Organic carbon (per cent. of dry weight) in mud settling through 
: . 9 ft. in 14 hours. Mud stirred slowly for following times before 
No. of of unsettled We 
sabe addition of sewage. 
experiments. sewage 
Percent) 0 15min. | 30 min. | 60min. | 120 min. 
13 0 3°95 3:97 3-97 4-02 4-00 
i 1-0 to 2-0 4-51 4-30 4-53 4-53 4-50 
6 5:0 5:08 4-95 5:13 4-98 — 














In the same group of experiments it had previously been shown that the effect 
of the sewage on the rate of settling of the mud decreased as the preliminary period 
of stirring was lengthened and that in those suspensions which had been stirred 
for long periods before the addition of sewage the presence of the sewage brought . 
about no change in the rate of settling of the mud. It will be seen, however, that 
the organic content of the settled mud, for any one concentration of added sewage, 
was approximately the same and was independent of the state of aggregation 
of the mud when the sewage was added. In the second series of experiments 
mud was eroded from the bottom of a beaker and was brought into suspension in 
saline water containing unsettled sewage; the mixture was then stirred slowly 
for 1 to 3} hours. Under these conditions, the mud came into suspension in the 
form of large aggregates, and it was shown in Chapter XIV that its settling rate 
was not affected by the presence of sewage in concentrations as high as 5-0 per 
cent. The organic carbon content of mud treated in this way and allowed to settle 
through a distance of 9 ft. is shown in Table 94. Large increases in the organic 
content of the mud were brought about by the presence of the sewage. 


TABLE 94—Uptake of Organic Matter by Mud from Sewage. Mud eroded into 
Water of Salinity 25 gm. per 1,000 gm. containing Different Concentrations 
of Sewage; Mixture stirred slowly and Mud settled through 9 ft. 


Organic carbon content of mud 
settled through 9 ft. in 14 hours 











Concentration ford ight 
No. of of unsettled we PE eee ea 
experiments. sewage Temperature during stirring 
(per cent.). and sedimentation : 


3° to 7° C, 21° to23-5 &. 
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Some experiments were carried out to determine whether unsettled sewage 
in saline water after stirring slowly would settle through a distance of 9 ft. at a 
rate comparable with that of mud treated in a similar manner. In the first 
experiments a mud suspension in saline water was stirred slowly for one hour, 
after which the mud was found to have formed large aggregates. Unsettled 
sewage was then added in a concentration of 5 per cent., and stirring of the mixture 
was continued for a further period of one hour. The suspension was then sucked 
into a sedimentation tube and the organic carbon in the material settling to the 
bottom after different time intervals was determined (Table 95). 


TABLE 95—Organic Carbon in Mud settled from Suspensions in Water of Salinity 
25 gm. per 1,000 gm. containing 5 per cent. of Unsettled Sewage. Mud stirred 
slowly for 1 Hour, Sewage added and Mixture stirred slowly for 1 Hour 





Organic carbon content of mud settled 
Sedimentation through 9 ft. (per cent. of dry weight). 














period 
(min.). 
Experiment 1. | Experiment 2. | Experiment 3. 
10 5-50 5°50 | 5-50 
20 5°75 5°75 5°75 
90 6-58 6:45 | 6-70 





The organic content of the material reaching the bottom of the tube markedly 
increased during the later part of the sedimentation period though the bulk of the 
mud had settled from suspension during the first 20 minutes. The results shown 
in Table 95 indicate that the mud which had been stirred slowly with sewage quickly 
settled from suspension and was followed by the more slowly settling organic 
matter of the sewage which had formed aggregates as the result of the slow stirring. 
The behaviour of sewage and mud under these conditions is different from the 
behaviour of mixtures of mud and sewage when stirred vigorously together. In 
the latter case the organic content of the material settling through a distance of 
9 ft. is substantially the same throughout a sedimentation period of 1$ hours 


(Table 96). 


TABLE 96—Organic Content of Mud settling through 9 ft. after Different Time Intervals 
trom Suspensions of Mud or of Mud and Unsetiled Sewage in Saline Water 
previously stirred vigorously for 3 to 6 Days 


Oxygen Consumed from Dichromate (per cent. of dry weight) 
(Mean of 16 experiments) 





Sedimentation 
5. per cent. of 
ae No sewage added. Eis added. 
10 12-2 14-9 
20 12:9 13-3 
30 12-4 12-4 
50 11-4 1 
70 ea das 
90 List 12-4 





In some further experiments Mersey mud previously stirred slowly for 1 hour 
in saline water was mixed with 5 per cent. of unsettled sewage, and the mixture 
was stirred gently for a further period of 1 hour. The suspension was then sucked 
into 9-ft. sedimentation tubes and the material reaching the bottom during a 
period of 1} hours was collected for the determination of organic carbon; this 
material is called Sediment No. 1. A second sample of the same mud was similarly 


treated except that no sewage was added to it. A mixture of 5 per cent. of unsettled 
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sewage in sea water was also stirred for 1 hour and was then allowed to settle 
through a 9-ft. tube; the material reaching the bottom from the sewage and sea 
water was mixed with the mud which had been settled without sewage and the 
organic content of the mixture was determined (Sediment No. 2). The carbon 
content of mud stirred and settled under the same conditions, but without sewage, 
was also found (Sediment No. 3). If the sewage did not settle out when not mixed 
with mud the composition of Sediment No. 2 should be the same as that of Sedi- 
ment No. 3. If the sewage settled out at the same rate whether mixed with mud 
or not the composition of Sediment No. 2 should be the same as that of Sediment 
No. 1. The mean results for four experiments are given in Table 97. 


TABLE 97—Sedimentation of Insoluble Organic Matter of Sewage in Saline Water 
after stirring for 1 Hour, with and without the Addition of Mersey Mud 


Average of 4 experiments 





Concentration Organic carbon content 
of mud Type and concentration of sediment from 9-ft. 
(parts per of sewage. column after 90 min. 
100,000). (per cent. of dry weight). 
30 Unsettled 5 per cent. sss % 6-48 (No. 1) 
0 Unsettled 5 per cent. | . 
30 Cini is ane 6-28 (No. 2) 
30 Settled 5 per cent. - sug 4-97 
0 Settled oper centy =: 
30) usa ae 4-85 
30 Sediment from a volume of un- 
settled sewage equal to 5 per 
cent. of the suspension. . Hs 5:67 
0 Ditto ditto | : 
30 No sewage % ess 
30 ia a Jf me 4-15 (No. 3) 














It will be seen that the sewage settled at approximately the same rate after 
stirring slowly in saline water as after stirring under the same conditions with mud 
and saline water. It appears, therefore, that when a mixture of mud and un- 
settled sewage is stirred slowly the clotted mud first falls from suspension, and is 
followed by the insoluble material of the sewage, the rate of sedimentation of which 
has been increased by gentle stirring. In Table 97 are also shown the results of 
similar experiments in which instead of unsettled sewage the material used was 
either settled sewage or the sediment which separated from crude sewage when 
allowed to stand for about 2 hours. It is evident that the settled sewage had 
clotted to a large extent when stirred slowly in admixture with saline water for 
1 hour. The sewages probably settled more completely than is indicated by the 
results in Table 97, since it was difficult to draw off without loss the small amount 
of sediment reaching the bottom of a 9-ft. tube when sewage was allowed to settle 
from saline water. 


CONDITIONS IN THE ESTUARY 


In the Estuary the state of aggregation of the mud in suspension is similar 
to that brought about by slow stirring in the laboratory. It is probable that the 
crude sewage transported in the Estuary water forms aggregates which during 
slack water settle independently of the mud and at a lower speed. Laboratory 
experiments indicate that the rate of settling of the sewage would be substantially 
the same if mud were not present. These conclusions are supported by observa- 
tions in the field. In Fig. 107 is shown the mean relation, taken from a large 
number of determinations, between the concentration and the composition of 
material in suspension in the Upper Estuary. As a measure of the organic content 
of the suspended matter, loss on ignition, oxygen consumed from dichromate, 
and organic carbon content have been determined; the detailed results showing 
the relation between the organic carbon content and the concentration of suspended 
matter are given in Table ,98 (p. 311). In all cases the organic content of the 
suspended matter increased as the concentration of suspended matter decreased. 
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As the mud in the Estuary settles at slack water it leaves in suspension material 
with a relatively high organic content. It seems that the mud, which has been 
eroded from the bottom and has remained in the form of large aggregates, settles 
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Fic. 107—Relation between Concentration and Composition of Suspended Matter in the Mersey Estuary. 
Number of Determinations shown against each Point 


quickly from suspension, leaving more slowly settling sewage material. In the 
third diagram in Fig. 107 two curves expressing the relation between the organic 
content and the concentration of suspended matter are shown; one of these refers 
to samples taken in the Upper Estuary and the other to samples taken in Liverpool 
Bay. The curves are of similar shape, but the organic content of suspensions of a 
given concentration is lower in the Bay than it is in the Upper Estuary. The 
greater part of the material carried in suspension in the surface waters in the Upper 
Estuary consists of mud, while in the Bay the mud transported is mixed with a 
higher proportion of sand. When the concentration of suspended matter during 
slack water has fallen to a low value the organic content of the remaining material 
is higher in the Upper Estuary than it is in Liverpool Bay, and this would seem 
to be due to the greater concentration of sewage and trade waste remaining in 
suspension in the Upper Estuary. In Fig. 108 is shown the relation between the 
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Fic. 108—Relation between Concentration of Suspended Matter and Biochemical Oxygen 
Demand of Samples of Water taken in the Upper Mersey Estuary during a Float Drift, 
25th March, 1936 


biochemical oxygen demand in five days of samples of Estuary water and_ the 
concentration of suspended matter; the samples were taken at the position 
occupied by a float allowed to drift freely in the Upper Estuary for a period of about 
six hours. These results show that when the suspended matter has settled during 
slack water until the concentration remaining in suspension is 5 to 10 parts per 
100,000, the B.O.D. of the water is about one-half of the value when the water 
contains approximately 80 parts of suspended matter per 100,000. The-B.G@.D. 
of samples taken at slack water is due partly to dissolved material and partly to 
the remaining small amount of suspended matter. 
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As a result of the work described in this chapter it is concluded that the 
organic matter of the sewage carried in suspension in the Estuary is present in a 
clotted condition, and may settle from suspension during slack water. Although 
its rate of settling does not appear to be influenced by the presence of mud, some 
of the sewage may settle out with mud and may be incorporated in mud banks 
in the Upper Estuary. The presence of sewage in the banks does not, however, 
appear to lead to any permanent increase in the organic content of the mud. 
Part of the sewage in the Estuary does not settle to the bottom during slack water, 
since the material then remaining in suspension has a high organic content. 
The comparatively low concentration of dissolved oxygen in the Estuary water 
indicates that part of the sewage is oxidised but the amount which is destroyed 
in this way is not known, nor can the amount of sewage passing out to sea in the 
form of aggregates with a low rate of sedimentation be readily estimated. Flocs 
of a feathery appearance and with an imperceptible settling rate can, however, 
be observed in the water of the Bay; it may be that this material consists of 
sewage aggregates passing out to sea. 


SUMMARY 


When mixtures of mud and sewage in saline water are stirred vigorously 
and then allowed to settle, part of the organic matter of the sewage is carried down 
by the mud. The amount of sewage which settles with the mud is greater than in 
similar unstirred mixtures of mud and sewage in saline water. The organic 
content of mud settling from suspension is not increased by the addition, immedi- 
ately before the mud settles, of glucose, glycine, or the ultrafiltrate of sewage, 
but is increased when mud suspensions are stirred vigorously with these substances 
before sedimentation. 

The increase in the organic content of mud settling from suspension after 
vigorous stirring in water containing sewage is approximately the same with tap 
water as with sea water. 

The gain in organic matter by mud settled from suspension after vigorous 
stirring in water containing a fixed concentration of sewage increases as the period 
of stirring is increased from | to 4 days. In similar vigorously stirred mixtures 
to which additional quantities of sewage are added daily, the organic content of 
the mud after sedimentation increases more rapidly during the period of stirring ; 
the organic content of the sediment under these conditions reaches a high value. 

In some experiments mud in suspension in saline water was stirred gently 
or was eroded from the bottom of a beaker so as to form large aggregates, sewage 
was added and the mixture was stirred gently for a further period. The rate of 
sedimentation of the mud under these conditions is not affected by the presence 
of the sewage but part of the organic matter of the sewage settles out with the 
mud. The organic content of the sediment falling to the bottom of a 9-ft. tube 
under these conditions increases during a settling period of 14 hours. Since most 
of the mud falls from suspension during the first 20 minutes it is concluded that the 
sewage itself forms aggregates as the result of gentle stirring and settles indepen- 
dently and at a slower speed than the mud. This has been confirmed by some 
experiments in which sewage mixed with saline water was allowed to settle after 
gentle stirring. The rate of sedimentation of the sewage under these conditions 
is approximately the same with 5 per cent. of sewage stirred gently in saline water 
with and without mud in suspension. 

In the Estuary, mixtures of mud and sewage are carried in suspension in the 
moving water and the mud occurs in the form of large fragile flocs. The laboratory. 
experiments indicate that at each slack water period the clotted mud rapidly 
falls from suspension, while the sewage, also in the form of flocs, settles indepen- 
dently at a slower rate. This is supported by observations in the Estuary, where 
the material remaining in suspension becomes progressively more organic as the 
sedimentation of the mud proceeds. 
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CHAPTER XIX 


RATE OF EROSION OF MERSEY AND OTHER MUDS 


Some experiments and observations were made to obtain information on the 
conditions which affect the resistance of mud to erosion and to compare the relative 
rates of erosion of muds from the Mersey with those from estuaries which are 
comparatively unpolluted by sewage or by trade wastes. 

In the Mersey the erosion of mud can occur under two different sets of condi- 
tions. During the run of the tide, especially during spring tides, a considerable 
quantity of mud is carried in suspension in the Estuary water; this settles to the 
bottom at high and at low water when the velocity of the tidal stream decreases 
until it is insufficient to keep the mud in suspension. During a succeeding tide, 
this material is eroded from the bottom where it has remained covered during slack 
water. In addition, the erosion of mud which has remained in one position as a 
tidal bank for a long period has been observed in the Estuary. On the main 
mud bank between the River Weaver and Eastham it appears from visual observa- 
tion that the erosion of mud from the surface does not occur to any great extent; 
in general the speed of the tidal stream over the surface of this bank is not very 
high. The edge of the mud bank, which in places consists of a nearly vertical 
fret, is, however, exposed to a much stronger stream running past it and large 
quantities of mud are frequently eroded from the edge. Erosion does not appear 
to proceed by the gradual washing away of the mud but by the detachment of 
large pieces, sometimes weighing several hundredweights. The face of the fret 
is first softened and cracks appear in it at right angles to the line of the fret ; finallv 
the mud gives way at these cracks and large pieces, often of a generally cubical 
shape, are torn off. These pieces fall to the base of the fret where they are gradually 
broken up and frequently form a bank of soft slurry; when this slurry has been 
washed away by the stream further erosion of the fret begins. The water below 
the point where erosion is proceeding is heavily charged with mud in suspension 
and the greater part of the material washed from the fret is carried away in this 
form, though pieces of mud are occasionally rolled along the bottom of the channel 
and may be found embedded in sand banks in the Upper Estuary. _ 


METHOD OF MEASURING ERODIBILITY OF SOLID Mups 


A quantitative method was developed for examining the erodibility of mud. 
This method had to be suitable for use with small quantities of mud since in some 
cases experiments were carried out with material which had been stirred in dilute 
suspension with sewage and saline water. It was desirable also that the method 
should cause erosion of mud in the laboratory in a manner approximating as nearly 
as possible to that in which mud is eroded from a fret in the Estuary. A sketch 
of the apparatus used is shown in Fig. 109. The mud was contained in a brass 
“ boat,’ 28 cm. long, 0-5 cm. deep, and 1 cm. wide, with vertical sides and ends. 
This boat was filled with mud, the surface of which was smoothed so as to prevent 
the formation of violent eddies when water was passed over it. One charge of 
mud weighed about 20 gm. The boat fitted into a rectangular channel deeper 
at one end than at the other; the channel was cut in a brass plug of about the same 
length as the boat. The plug containing the boat fitted tightly into one end of 
a long glass tube with an internal diameter of 3-5 cm. Tap water was allowed 
to flow through the glass tube and so over the boat containing a charge of mud, 
which was at the exit end of the glass tube. The water was taken from a tank 
fitted with a constant level valve; the head between the tank and the boat was 
about 8 ft. In each determination, water was allowed to flow over the mud in 
the boat for ten minutes. Since the area of the cross-section of the channel over the 
surface of the mud was greater at the inlet than at the outlet, the current speed 
increased towards the exit end of the tube and erosion of the mud began at this 
end. It was found that erosion did not occur over the whole surface of the mud 
but that fairly large pieces were torn out of the boat, beginning at the exit end. 
The method of erosion thus appeared to be of a type generally similar to that which 
occurs from mud frets in the Estuary. When the flow of water was stopped 
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after ten minutes, it was usually found that a strip of mud had been washed out 
from the exit end of the boat, leaving a mud face which was almost vertical and 
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approximately at right angles to the long axis of the boat. The length of the 
strip of mud which had been eroded was measured and was expressed as a per- 
centage of the total length of the boat. 


FAcToRS AFFECTING ERODIBILITY 


The resistance to erosion of portions of any particular sample of mud as 
measured by the method just described appeared to be reasonably constant; 
the agreement between duplicate determinations on a series of samples of Mersey 
muds is shown in Fig. 110. In the first diagram in this figure two determinations 
of the erodibility of each sample were carried out in the same boat; in the second 
diagram the first determination of each pair was done in boat No. 1, and the second 
in boat No. 2, which was constructed as nearly as possible with the same dimensions 
as boat No. 1. These two boats were used alternately in the work described later, 
and since the results obtained with the two boats agreed reasonably well, no 
correction of the results was made. The erodibility of a series of muds taken from 
the Stanlow Bank is shown in Table 99 (p. 312). With a number of these samples the 
erodibility was first determined on portions and the rest of the sample was allowed 
to dry in the laboratory at ajr temperature; a series of determinations of erodibility 
was then carried out on portions taken at intervals during the drying. It was 
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found that the resistance to erosion increased as the moisture content decreased. 
The points giving the relation between the moisture content and the erodibility 
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Fic. 110—Agreement between Duplicate Determinations of Evodibility of Muds 


usually lay on smooth curves, examples of which are given in Fig. 111. Muds 
containing a large proportion of clay finally lost so much water that they became 
hard and could not be eroded. Sandy muds on the other hand passed through 
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Fic. 111—Relation between Erodibility and Water Content of 3 Samples of Mersey Mud 


a stage of minimum erodibility and then dried, forming a collection of loose particles 
which were easily eroded. In the samples referred to in Table 99 the determination 
of erodibility was discontinued before this stage was reached. 


Besides being affected by the moisture content it was found that the erodibility 
of a mud was affected by the amount of sand in the sample. In Fig. 112 the 
percentage of mud eroded from a series of samples (Table 99) from the Stanlow 
Bank is plotted against the corresponding moisture content; lines have been 
drawn dividing these points into areas containing results from samples of approxi- 
mately the same silica content. For a given moisture value the percentage of 
mud eroded increased with increasing silica content. A similar diagram can be 
drawn dividing the points into groups of samples in which the loss on ignition was 
approximately the same. The loss on ignition is a good index of the amount of 
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clay present, since a considerable part of the loss consists of water associated with 
clay and not volatile at 105° C. This relation again indicates that for a given 
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The silica content (per cent. of dry weight) is shown against each point. Lines are drawn dividing 

the samples into groups in which the silica contents are, on the whole, below 50 per cent., between 

50 and 60 per cent., between 60 and 70 per cent., between 70 and 80 per cent., and greater than 
80 per cent. 


Fic. 112—Relation between Erodibility and the Moisture and Silica Contents of 
Mersey Muds. 


moisture content the difficulty of erosion of a mud increases with increasing 
proportions of clay. 


COMPARISON OF MERSEY AND OTHER Mups 


In comparing the rate of erosion of muds from different localities it is necessary 
to take into account both the silica content and the moisture content of the 
samples. This can best be done by allowing the mud to dry at room temperature, 
determinations of erodibility being carried out from time to time, after which the 
moisture-erodibility curves for different samples can be compared. In Table 100 
(p. 313) are shown the results of determinations of erodibility on a series of samples 
from a number of rivers in Suffolk and Essex, and from the estuaries of the River 
Wye and the River Severn, Monmouthshire. The composition of muds from 
these localities was discussed in Chapter VIII, and it was pointed out that the 
rivers from which they were taken are comparatively unpolluted or less polluted 
than the Mersey. ‘The relation between the moisture content and the erodibility 
of the samples from the Suffolk and Essex rivers is shown in Fig. 113; as with 
the Mersey muds the erodibility for a given moisture content increases with an 
increasing content of silica. In Fig. 114 the moisture-erodibility curves for the 


Mersey and Essex muds, taken from Figs. 112 and 113, are compared; a comparison 
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has also been made by drawing lines separating samples with the same range of 
loss on ignition. 
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The silica content (per cent. of dry weight) is shown against each point. Lines are drawn dividing 

the samples into groups in which the silica contents are, on the whole, below 50 per cent., between 

50 and 60 per cent., between 60 and 70 per cent., between 70 and 80 per cent., and greater than 
80 per cent. 


Fic. 1183—Relation between Erodibility and the Moisture and Silica Contents of Suffolk and 
Essex Muds, 


For a given loss on ignition or silica content and for a given moisture content 
the Essex muds are more resistant to erosion than are the Mersey muds. The 
extent of erosion of a mud under natural conditions must depend on its water 
content under those conditions. The water content varies according to the period 
which has elapsed since the mud was last covered by the sea, and the water content 
of inter-tidal muds should in general increase with an increase in their distance 
below the high-water mark. 

In a further series of experiments, mud and suspended matter from the 
Mersey Estuary were stirred in tanks with saline water (salinity 25 gm. per 
1,000 gm.) containing various concentrations of sewage. After some days the mud 
was allowed to settle to the bottom, the water was siphoned off, and the sludge 
was transferred to dishes and allowed to dry slowly at air temperature. Series of 
determinations of the erodibility of the mud were carried out at intervals during 
drying, and the values obtained were compared with the corresponding moisture 
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Fic. 114—Relative Erodibility of Mersey and Suffolk and Essex Muds 


contents. The results are given in Table 101 (p. 315). Mean values are plotted in 
Fig. 115 to show the relation between the erodibility and the moisture content of 


890 








TO 


IPs 



































MOISTURE CONTENT 





i°) 20 40 60 80 ifele) 


PERCENTAGE OF MUD ERODED IN 10 MINS. 


Average of all determinations. Complete results of one experiment (T.150—155). 
O—No sewage a's .. 48 expts. O—No sewage. 
O—With sewage ore .. oO expts. O—With sewage. 


Fic. 115—Erodibility of Mersey Mud after Stirring with Saline Water (Salinity 25 gm. per 1,000 gm.) 
with or without Addition of 5 per cent. Sewage 


muds treated with saline water containing 0 to 5 per cent. of sewage. A diagram 
is also included to show the complete results of one typical experiment. Addition 
of sewage in concentrations up to 5 per cent. had no significant effect on the erodi- 
bility of the muds. 


RATE OF DRYING OF MuDS 


In view of the importance of the moisture content in affecting the ease of 
erosion of muds, some experiments were carried out to determine the effect of the 
addition of sewage on the rate of drying of mud at air temperature. Two methods 
of drying were employed. In the first, mud mixed with water to form a slurry, 
after treatment in various ways as indicated in Table 102 (p. 319), was poured into 
a Soxhlet thimble supported by a thin wire cage and the thimble was weighed at 
intervals. During the first few hours about half the water originally present 
drained from the thimble, which acted as a filter; further loss of water then 
occurred by evaporation from the surfaces. It seems probable that a similar 
initial loss of water, though not necessarily to the same extent, occurs when mud 
is freshly deposited on a mud bank. In the second method, suspensions of mud 
were placed in large open crucibles or in Petri dishes, and the mud was allowed to 
lose water by evaporation from the surface at air temperature. In each experiment 
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unsettled sewage was added to one series of muds before drying, a second similar 
series without sewage being used as controls. The results are given in Table 102 
(p. 319), and are shown graphically in Fig. 116. The addition of considerable 
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Fic. 116—Rate of Loss of Water by Mud and Mud containing Sewage at Room Temperature 


quantities of sewage did not appreciably affect the rate of drying of the mud by 
either method. 


EROSION OF RECENTLY SETTLED Mups 


Some determinations of the rate of erosion of muds have also been made 
by another method designed to reproduce as far as possible the conditions in the 
Estuary when mud which has settled to the bottom at slack water is eroded again 
by the tidal stream. Suspensions of mud in saline water, in some cases containing 
sewage, were made up in 5-litre beakers in which the mud was allowed to settle 
to the bottom, and there form a sludge. An apparatus was constructed consisting 
of a number of vertical spindles geared so as to rotate at speeds between 24 and 44:5 
revolutions per minute. The water standing over the sludge in each beaker was 
stirred under the surface by a paddle clamped to one of the spindles, stirring being 
continued for five minutes. If all the material was eroded from the bottom of 
the beaker during this period, the time at which the last piece was eroded was 
noted. After five minutes if there was still mud adhering to the bottom of the 
beaker, the water was stirred by the same paddle, driven by a spindle revolving 
at the next higher speed. This treatment was continued until all the mud had 
been brought into suspension or until the water had been stirred for five minutes 
at the highest speed used. It was found that a large part of the mud was 
usually removed during the first few minutes of stirring, but that a much longer 
time was required to remove the last trace from the bottom of the beaker. Erosion 
did not appear to take place from the surface of the mud, but was usually brought 
about by the tearing off of pieces from the edge. After a time there usually 
remained several patches of mud, while the remainder of the bottom of the beaker 
was quite clean. The mud appeared, in fact, to be eroded by fretting in much 
the same way as occurred in the boat used in earlier experiments. In the Estuary 
the concentration of mud in suspension is much higher at spring than at neap 
tides, since some of the mud stays on the bottom of the channels and on the banks 
and foreshore during the whole period of neaps, that is, usually for about a week. 
In some of the laboratory experiments the mud, after settling from suspension, 
was therefore allowed to remain on the bottom for a period of about a week 
before its erodibility was determined. It was observed that during this time the 
mud layer became more compact, and its resistance to erosion increased. In 
comparing the rate of erosion of comparable series of muds each sample was first 
stirred at the same speed, and then at successively higher speeds, and the number 
of the speed at which all the mud was brought into suspension was taken as a 
measure of its erodibility. The driving shafts were numbered from 1 to 10 in 
order of increasing speed, and there was approximately the same increase in speed 
in revolutions per minute between successive shafts. In the method used the 
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‘ linear speed of the water was not the same at different distances from the centre 
of the beaker. It was found that erosion of the mud always began at the centre 
of the beaker, and it is evident that the main factor which brings about erosion 
is turbulence in the water induced by stirring. Although the degree of turbulence 
increases with the speed of stirring, the turbulence is not necessarily proportional 
to the speed. No attempt was made therefore to compare the speed of the water 
with the stream velocities observed in the Estuary, since the conditions which 
bring about turbulence in the two systems are not comparable. The results 
obtained by the method are comparable only when the erodibility of different samples 
is determined under the same conditions. 

It was found that the time taken to erode a layer of mud from the bottom 
of a beaker depended largely on the thickness of the layer; each sample of mud in 
a comparable series was therefore made up in a suspension of the same concentration 
(30 parts per 100,000), and in the same volume (3-5 litres). It was also found 
that the erodibility of the mud increased with increasing salinity of the water 
from which it had been settled; the salinity of the water was therefore standardized 
in all experiments at 25 gm. per 1,000 gm. The results obtained are given in 
Table 103 (p. 321). In Table 104 are collected the results of the experiments on 
the effect of unsettled sewage on the rate of erosion of Mersey mud. In all cases 
the value given for the erodibility of any sample is taken from the mean of a 
number of determinations since the results by this method varied appreciably in 
replicate measurements on the same mud. The time during which the mud was 
allowed to remain on the bottom of a beaker before its erodibility was determined 
varied from 19 hours to 9 days. During this period sewage in concentrations up 
to 5 per cent. appeared to have little effect on the erodibility of mud; if anything, 
the sewage tended to reduce the difficulty of erosion of the mud. 


TABLE 104—Effect of Unsettled Sewage on the Erodibility of Mersey Mud 








Concentration Greed of teen 
No. of eee ere k OBES Pach all sl 
determinations. aan, wage REST was eroded 
(per cent.). (average speed No.). 
6 0 19 hrs. 4+3 
6 5:0 sstass 4-0 
6 0 205 5:5 
6 1-0 tea ry 5+1 
6 0 Serr 6-3 
5 0-25 unk; 5:4 
6 1-0 deere 4-0 
6 5:0 ings: 4-0 
6 0 3 days 8-5 
6 5:0 Tot 9-1 
5 0 ABS 6-6 
6 5-0 ae 4-4 
6 0 Omi 8-3 
6 5-0 ee 8:3 





Some experiments were also carried out in which the erodibility of a series 
of muds from the Stanlow Bank in the Mersey was compared with a series of 
muds taken from the estuaries of comparatively unpolluted rivers in south-east 
England and from the Estuaty of the River Severn (Table 105). 
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TABLE 105—Comparison of the Erodibility of Muds from the Mersey Estuary, from 
Estuaries in Suffolk and Essex, and from the Severn Estuary 


Length of time | Speed of stirring 

after suspension | at which all mud 

was made up was eroded 
(hours). (speed No.). 


Sample of mud. 


Mersey $528 224 
Pe es oy x 
e -S529 if 
3 9026 . 
»  oo24 174 
PP rey 4s. - 
me LOULE es 
” S528 ” 
pe tela s 

Average (9 expts.) 


Stour 11 224 
Crouch 12 M 
Blackwater 6 . 
Hamford 11 rf 
Blackwater 7 e 
Roach 3 fi 
Crouch 11 173 
Deben 21 
Stour 12 si 
Hamford 12 e 
Average (10 expts.) 


Severn SM1 204 
» SMI ¥ 
»”? SM2 ”) 
» SM2 1 
Average (4 expts.) 
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The erodibility of the three series of muds was much the same, though the 
Mersey samples were eroded somewhat more easily than the muds from the Severn 
and from south-east England. This is in agreement with the results obtained 
by the boat method of erosion. 

In Chapter XVI it was shown that in the Mersey Estuary the concentration 
of mud in suspension is very much greater during spring than during neap tides 
though the average maximum stream velocity during springs is less than one knot 
greater than the corresponding average during neaps. This may be explained 
by observations made during the experiments described in this Chapter. It was 
noticed that a critical velocity must be exceeded before mud covered with water 
could be brought into suspension, but that when this occurred a smaller velocity 
was sufficient to maintain the material in suspension. Although the stream 
velocities during neaps are not much lower than those during springs, the 
turbulence at neaps is evidently below the critical value required to bring much 
mud into suspension, whereas at springs this value is exceeded. A somewhat 
similar observation has been made by Liiders' on the transport of sand from the 
sea into the estuaries of rivers in Germany, where it was found that the stream 
velocity during the flood tide, though not greatly higher than during the ebb, 
exceeded the critical velocity necessary to transport sand on the sea bottom 
whereas the ebb velocity did not. In consequence there is an influx of sand on 
flood tides into the estuaries. 


EROSION IN THE ESTUARY 


It has been mentioned that the erosion of mud in the Mersey Estuary can 
take place by fretting at the edges of mud banks exposed to a sufficiently fast 
tidal stream. During the present investigation the most notable example of erosion 
occurred at the upstream end of the main mud bank on the Cheshire shore of the 
Upper Estuary. During recent years, the main channel above Eastham has 
remained for the greater part of its course on the Lancashire side so that the mud 
bank has been separated from the main channel by high banks of sand. The main 
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flow of the tide has thus been mainly on the Lancashire side and the Stanlow Bank 
has been covered at high tide by water moving relatively slowly. This condition 
existed in 1931 when the Mersey Docks and Harbour Board carried out a quin- 
quennial survey of the Upper Estuary. In 1932, however, the main channel near 
the Weaver Sluices moved over to the Cheshire side until it reached the edge of 
the Stanlow Bank, which was then bounded by a steep fret. From that time, 
the mud bank near the Weaver Sluices was eroded by fretting at a considerable 
rate. When the main channel moved away from the mud bank a subsidiary 
channel was left flowing along the outside edge of the bank, and fretting has occurred 
almost continuously since 1931. The approximate positions of the main channel 
in different years are shown in Fig. 117. The positions of the edge of the mud 





The dotted line shows the position of the main channel. 


Fic. 117—Typical position of Upper Mersey Channel with positions of Mud Banks at a Height of 
20 ft. or more above Liverpool Bay Datum, 1931-36. 


bank at different times between 1931 and 1936 are shown in Fig. 118 and the 
area of the bank eroded is given in Table 106. 


TABLE 106—RKate of Evosion between 1931 and 1936 of the Stanlow Bank near 
the Weaver Sluices 


Approximate 
Total Total total volume M l 
observed area eroded, taking vodka. Yano 
Date. period of eroded thickness as ek tre 
fretting (sq. statute Lett nee a ions 
(months). miles). (millions of of cu. yds.). 
cu. yds.). 
nes | > | om | a7 | osm 
9.1 Ba pa 0:43 5-3 0-10 
27.4.36(E) ” 0-53 6-6 0-33 
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In Table 106 is also shown the approximate volume of material eroded, 
calculated on the assumption that the depth of material removed was on the 
average 12 ft. This value is the mean of a number of estimates of the height of 
the exposed mud fret made between 1934 and 1936. The volume of material 
eroded in 5 years (6-6 million cubic yards) is equivalent to approximately 0-6 per 
cent. of the total capacity of the Upper Estuary from Rock Light to Warrington. 
This material has probably been deposited in some other part of the Estuary. 
The greater part of the material washed away appeared to be mud, though there 
were strata of sand in some parts of the bank. It seems that the Stanlow Bank 
as a whole is composed of material which is fairly easily eroded and that the bank 
owes 1t stability not so much to its own resistance to erosion as to the fact that it 
is largely separated from the main channel by high sand banks and is therefore 
not subjected to the full force of the tide. 


SUMMARY 


In the upper Mersey Estuary, the erosion of mud from inter-tidal banks occurs 
when a channel moves into such a position that rapidly moving water flows 
along the side of the mud bank. The bank is then eroded by the breaking off and 
dispersal of large pieces of mud and a roughly vertical mud face known as a “ fret ” 
is formed. The erosion of mud taken from inter-tidal banks in the Estuary was 
studied in the laboratory by a method which caused the “ fretting’ of the mud 
on a small scale. | 

The erodibility of a sample of mud depends largely on its water content; 
the difficulty of erosion of muds in general increases as they lose water by drying. 
For a given moisture content, the difficulty of erosion of muds increases with 
decreasing sand content, that is with increasing proportions of clay. 

The erodibility of muds from the Mersey Estuary and from comparatively 
unpolluted estuaries in Suffolk and Essex was compared. When allowance is made 
for the different silica and moisture contents of the samples, the muds from Suffolk 
and Essex are rather less erodible than those from the Mersey. 

In some experiments, Mersey muds were stirred in suspension in saline water, 
sewage being added in some cases. These suspensions were allowed to settle and 
determinations of erodibility were made on the mud removed after various periods 
of drying at air temperature. The presence of sewage in the suspensions in con- 
centrations up to 5 per cent. had no appreciable effect on the erodibility of the 
muds. The rate of drying at air temperature of muds settled from suspension in 
saline water was not appreciably affected by the addition of sewage to the 
suspensions. 

In the Mersey Estuary, the suspended mud which settles to the bottom at 
slack water is again brought into suspension during the succeeding tide, provided 
that the stream velocity is sufficiently high to erode the material from the bottom. 
The conditions affecting erosion of this type were studied in the laboratory by 
allowing suspensions of mud in saline water to settle to the bottom of beakers 
under standardised conditions and by measuring the rate at which this material 
was brought into suspension by paddles revolving in the water at known speeds. 
The difficulty of erosion of the settled mud was not appreciably affected by the 
presence of sewage in the suspensions in concentrations of 5 per cent. Under 
similar conditions, the erosion of settled suspensions of Mersey mud was not more 
difficult than that of suspensions of mud from comparatively unpolluted estuaries 
in Suffolk and Essex and from the estuaries of the Rivers Wye and Severn, which 
are less polluted than the Mersey. 

Between the years 1931 and 1936, considerable erosion of the upper part of 
the Stanlow Bank in the upper Mersey Estuary occurred when the channel 
moved so as to impinge on the seaward edge of the bank. The area eroded was 
approximately half a square mile and the estimated volume 6-6 million cubic 
yards, equivalent to 0-6 per cent. of the total capacity of the Upper Estuary. 
The main part of the Stanlow Bank, where erosion has not recently occurred 
to any great extent, is separated from the main channel by sand banks and is, 
therefore, not subjected to high stream velocities. 


REFERENCE 
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CHAPTER XX 
DREDGING IN THE SEA CHANNELS IN LIVERPOOL BAY 


Before the year 1890 the main navigable channel through Liverpool Bay 
occupied a position not very different from that which it occupies to-day; the 
depth over the Bar at the seaward end of the channel was, however, only about 
10 ft. below Datum, and this restricted the entry of large ships into the Estuary. 
After some preliminary experiments in which a kind of harrow was dragged over 
the bed of the channel, dredging on the Bar was begun in the year 1890. Since 
that time dredging, both on the Bar and in certain other parts of the channel, has 
been carried out continuously by the Mersey Docks and Harbour Board. The 
areas in which the greater part of the dredging is done are shown in Fig. 119; 
occasionally some dredging is also done outside these areas. The main sites on 
which the spoil is deposited are also shown. 


METHOD OF DREDGING 


The dredgers used by the Mersey Docks and Harbour Board are of the suction 
type; a dredger carries one or more steel tubes, usually about 60 ft. long, one end 
of which can be lowered to the bed of the Estuary. A mixture of water and solid 
material from the bottom is then pumped into hoppers in the dredger, where the 
solid material is retained and the water overflows. When the pumps are started 
the submerged end of the suction tube buries itself in the sea bed, and for efficicnt 
dredging it should be buried for a distance of not less than 15 ft. In order to 
dredge efficiently by this method the suction tube should bury itself easily in the 
material on the bottom, and the material should be such that it does not block 
up the grid with which the end of the tube is provided to prevent damage to the 
pumps by large stones. The method works well on a sandy bottom, since the 
suction tubes do not become choked and after discharge into the hoppers of the 
dredger the sand falls rapidly out of suspension and the water runs away. If 
muddy material is dredged, however, the tubes do become choked and, moreover, 
part of the mud is washed out of the hoppers with the water. In Liverpool Bay 
there are areas in which the bed is composed of clean sand which is easily dredged, 
but there are also well-defined areas in which the bed consists of sand mixed with 
mud, and on these the time taken to obtain a full load by a dredger is much longer 
than on sand. It has been suggested that dredging by suction dredgers in the 
Bay has, in recent years, become more difficult owing to the formation or enlarge- 
ment of muddy areas. An examination was made during the investigation of 
the records of two of the largest dredgers, in an attempt to determine whether . 
any marked change has occurred in recent years in the time taken to load a given 
quantity of material. The names of the dredgers employed by the Mersey Docks 
and Harbour Board since 1890, with the periods of dredging and the weight of 
spoil removed, are given in Table 107 (p. 326). 

The dredgers are manned by double crews and, weather permitting, work 
continuously day and night except when refuelling or under repair. During each 
24-hour period several loads are dredged by each vessel and are dumped on the 
deposit sites. Each vessel has a log which is written up on board, and in which 
are entered particulars of the whole of the dredging and dumping operations. 
The log contains the position from which each load was raised and the total length 
of time taken in obtaining it. Particulars are also given of any periods during 
which the pumps were not working so that the time during which the pumps 
were working to obtain each load is known. Interruptions in pumping are often 
caused when the dredger is swinging at the turn of the tide; bad weather and 
mechanical failure also sometimes cause interruptions. The estimated total 
weight given for each load is based on the draught of the dredger before and after 
loading. The nature of the material dredged is also recorded. 


EXAMINATION OF DREDGING LoGs 


Since 1890 a large mass of information in the logs of the dredging fleet has 
accumulated. In the present investigation the rates of loading of two of the 
dredgers, the “ Leviathan’’ and the ‘“ Coronation,’ have been examined for each 
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day in which the vessels were in commission. The “ Leviathan’’ was chosen 
because she is the largest of the vessels employed and least likely to be affected 
by rough weather; ‘‘ Coronation ’”’ was chosen because she began dredging as early 
as 1903, and is still in commission. In all, records of 17,304 loads by the 
“ Leviathan”’, taken between 1909 and 1935, and of 11,317 loads by the 
“ Coronation’”’ between 1909 and 1935 have been examined, giving a total of 
28,621 loads. 

On examining the dredging logs it is apparent that the time taken to obtain 
a load varies considerably in different parts of the sea channels. The first area 
seaward of the Estuary in which it is particularly difficult to work is on the eastern 
side of the Crosby Channel. The dredging logs frequently state that the difficulty 
of loading in this position is due to the shallow depth of erodible deposit on the 
bottom; the suction tube therefore cannot be sunk far enough into the loose 
material for efficient dredging and the vessel has frequently to be moved. It 
would appear that in this position the channel has been deepened so much that 
there is now only a shallow layer of mud or sand overlying the boulder clay which 
forms the solid bed of this part of the Bay. Between 1909 and 1911 the top 
layer of boulder clay was itself removed by a bucket dredger. It would seem 
that the chief difficulty of dredging in the Crosby Channel is due not so much to 
the nature of the settled material on the bed as to its shallow depth. 

Other areas where dredging is difficult are on the north side of the Dredged 
Cut and on the south side of the Queen’s Channel. Each dredger, however, takes 
loads from positions in which loading is easy as well as from areas where loading 
is difficult. There is some difficulty in considering separately the times of dredging 
in the muddy areas. The position of loading is given by bearings to any two 
buoys in the Channel; the positions of these buoys have frequently been changed 
as the deep channel has moved, and there is some doubt as to their exact position 
at a given date, especially during the earlier years. The muddy areas are 
relatively small, and to be certain that a dredger at any time was loading from one 
of them it would be necessary to have accurate shore bearings. The nature of 
the material on the bottom presumably depends on the tidal streams in the Bay, 
and these must alter as the position of the Channel changes. Again, if a shoal 
is dredged away it may be that the fresh material deposited in the deeper water 
will not be of the same nature as that formerly deposited on the shoal. It was 
therefore impossible to consider separately the times of loading of dredgers when 
working in areas of material either easy or difficult to dredge, since both the 
dredgers have always worked in both easy and difficult positions. Average figures 
for the weight in tons loaded per hour by each of the two dredgers have been 
obtained for each month during the periods of dredging. These figures should 
indicate any marked change in the difficulty of dredging. 


RATE OF LOADING DREDGERS DURING PERIOD 1909 to 1935 


The monthly averages of the number of tons loaded per hour by each of the 
dredgers “‘ Leviathan”’ and “ Coronation”’ are given in Tables 108 (p. 327) and 
109 (p. 330) for those areas in the Bay in which the dredgers mainly worked. 
The yearly averages for each area are given in Table 110 (p. 335), and the yearly 
average number of tons pumped per hour by each dredger in all positions is given 
in Table 111 (p. 336). 

The monthly average of the rate of dredging in five positions in Liverpool 
Bay is shown in Fig. 120 for the “‘ Leviathan ’’ and in Fig. 121 for the “‘ Coronation.”’ 
From these figures it is clear that the rate of dredging has fluctuated considerably 
from time to time, but there is no evidence of any marked change in any one direc- 
tion from 1909 to 1935; the most marked changes are in the time of loading of 
the “ Coronation’ working on Taylor’s Spit and in the Queen’s Channel, where 
there was a continuous fall in the rate of dredging between 1909 and 1915; since 
1915, however, the rate of dredging in these two areas has remained reasonably 
steady. The “ Leviathan ”’ did not work sufficiently long on Taylor’s Spit for com- 
parison with the “ Coronation,” but she worked in Queen’s Channel from 1909 
onwards. In this area there was a fall in her rate of dredging between 1909 and 
1915 rather similar to that shown by the “ Coronation,”’ but not so well marked. 
The “‘ Leviathan ’’ began working in the Dredged Cut in 1909 and, though her rate 
of dredging in this position has fluctuated considerably, the rate in 1931 was not 
greatly different from that when dredging began in 1909. In this position the 
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rate of loading by the ‘‘ Coronation”’ has if anything increased between 1915 
and 1931. The original data show clearly that it is much more difficult to dredge 
on one side of Queen’s Channel and the Dredged Cut than it is on the other side, 
and it is evident that fluctuations in the rate of dredging depend largely on the 
proportion of the total spoil which is taken from the difficult side. This proportion 
depends to some extent on which side of the Channel is tending to silt up, but it 
also depends partly on other factors. Thus the “ Coronation,” besides dredging 
in the Bay, keeps clear the entrances to docks in the Narrows, and as the amount 
of this dredging increases there is less time in which she can dredge in the Bay. 
The work on the dock entrances is carried out mainly at the time of high water. 
Between the times of high water the dredger may work in the easily dredged 
areas in the Bay so that work can conveniently be resumed at the dock entrances 
at the next high water. 

The average yearly rates of dredging in tons per hour in different areas in the 
Bay by the two vessels considered is shown in Figs. 122 and 123, and the yearly 
averages for material taken from all positions in the Bay are given in Fig. 124. 
With the exception of the period between 1909 and 1915 for the “ Coronation,” 
there is no noticeable indication that the rate of dredging has decreased between 
1909 and 1935. 

From the examination of the bottom deposits in the Bay during the present 
investigation it appears that the high banks at the sides of the main channel are 
composed almost entirely of sand and the deposits in the deep channels are often 
a mixture of mud and sand; it is this mixture which is difficult to dredge. The 
composition of the muddy sand was discussed in Chapter VII, and it was shown 
that it is probably continuous with similar material found over large areas in the 
Irish Sea. In the early days of dredging when relatively high sand banks were 
being removed the material dredged probably contained a high proportion of sand; 
later the proportion of mud increased as the deeper channels were included in the 
areas dredged. This may partly account for the fall in the rate of dredging for 
the “ Coronation’’ between 1909 and 1915 on Taylor’s Spit and in Queen’s 
Channel. . 


EXAMINATION OF SAMPLES OF DREDGED MATERIAL 


Two samples of material of the kind which is often found sticking to the 
suction end of dredger tubes and which causes difficulty in dredging were examined ; 
these samples, with a record of the positions from which they were obtained and 
information on the depth below the bed of the suction tube nozzle, were furnished 
by the Engineer’s Department of the Mersey Docks and Harbour Board. The 
content of organic carbon in the two samples is shown in Table 112. 


TABLE 112—Organic Carbon Content of Two Samples of Mud taken from 
Dredger Suction Tubes 





Organic carbon (per cent. of 


dry weight). 
Pouiule Position. 
f After removal 
Sample as taken. of sand by 
sedimentation. 
B. 266 Queen’s Channel 1-13 2°65 
B. 267 Dredged Cut 0-70 2°35 | 











Both samples contained a high proportion of sand; the organic carbon content 
of the mud separated from sand by sedimentation was of the same order as that 
found in muds taken from the Upper Estuary or separated from samples from 
the bed of the Irish Sea. 

Sample B. 266 was taken in 1934 from a position on the south side of the 
Queen’s Channel. The depth of water at the position of dredging was 24 ft. below 
Liverpool Bay Datum, and the nozzle of the suction tube was 20 ft. below the sea 
bed, so that the sample was taken from a depth of 44 ft. below Liverpool Bay 
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Datum. Sample B. 267, obtained also in 1934, came from a position on the north 
side of the Dredged Cut; the sounding was 27 ft. and the nozzle 14 ft. below the 
bed, so that the sample came from a depth of 41 ft. below Liverpool Bay Datum. 
The two positions were marked on a series of charts of Liverpool Bay and the depth 
of water over each position in different years was read off. The changes which 
have occurred in the depth of water are shown in Fig. 125. The mud brought up 
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Fic. 125—Depth of Water below Liverpool Bay Datum shown on Mersey Docks and Harbour Board 
Charts over Two Positions where Mud has been found by the Sand Pump Dredgers 


by the suction tube could have been laid down only when the depth of water 
was as great as the depth frora which the sample was obtained. In Queen’s Channel 
the latest year in which the depth of water was 44 ft. below Liverpool Bay Datum 
(the depth at which the end of the suction tube brought up the mud) over the 
position given was 1880, and in the Dredged Cut the latest year in which there 
was 41 ft. of water over the position given was 1856. It would seem, therefore, 
that the last occasions on which mud could have been deposited in the two positions 
were 1880 and 1856, respectively, since after these times this mud has been covered 
by other deposits. Some uncertainty must arise from the nature of the method 
of sampling, but the calculations illustrate that because of the considerable depth 
below the bed of the Bay at which the dredger tubes work the deposits at this 
depth are likely to have been laid down at earlier periods than the material now 
forming the surface of the bed. 


SUMMARY 


Dredging has been carried out by the Mersey Docks and Harbour Board in 
different parts of the main navigable Channel in Liverpool Bay since the year 
1890. Suction dredgers are used. Difficulties are encountered in dredging 
muddy sand since the mud clogs the suction tubes and does not easily settle in 
the hoppers of the dredgers. 

The records of two dredgers for the period 1909 to 1935 were examined and 
the weight of material dredged per hour was calculated. The weight loaded per 
hour varies in different parts of the Bay and is less when dredging muddy sand 
than clean sand. From the figures examined there is no evidence that the difficulty 
of dredging has increased during the period 1909 to 1935. 

Two samples of mud brought up in 1934 by the suction tubes of a dredger 
from depths of 20 and 14 feet below the sea bed in Liverpool Bay have been ex- 
amined. An examination of the charts of the Bay suggests that these two mud 
samples were deposited not later than 1880 and 1856. The organic content of 
both samples was similar to that of mud from inter-tidal banks in the Upper Mersey 
Estuary. 
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CHAPTER XXI 


METHODS USED IN MEASURING THE CAPACITY OF THE 
UPPER’ ESTUARY 


GENERAL DESCRIPTION OF METHODS 


The Mersey Docks and Harbour Board was established by Act of Parliament 
in 1857. During the period from 1861 until the present time the Marine Surveyor’s 
Department of the Board has carried out surveys of the Upper Estuary between 
New Brighton and Warrington; the surveys were made at intervals of ten years 
until 1881 and since then have been made at five-yearly intervals. From the results 
of these surveys, the Mersey Docks and Harbour Board have calculated the capacity 
of the Upper Estuary, that is, the volume of water between the bed of the river 
and the highest level reached by a high spring tide. There is thus evidence of the 
changes which have occurred since 1861 in the capacity of the Upper Estuary. 
The figures obtained by the Board show that the capacity fluctuated between 
successive surveys in the period 1861 to 1906. In the year 1906 the capacity 
was approximately 990 million cubic yards but between 1906 and 1926 it steadily 
declined from 990 to approximately 940 million cubic yards. It was suggested 
that the decrease during this period of 20 years was due to the effect of the sewage 
which was discharged into the Upper Estuary and which was said to have led to 
an increase in the growth of inter-tidal mud banks in the upper basin. During 
the present investigation, which was carried out to examine the effects of the dis- 
charge of sewage on the formation and stability of mud banks, it was essential to 
examine the methods by which the capacity of the Upper Estuary had been deter- 
mined so as to estimate the probable accuracy of the values found. 

In the measurements of the capacity of the Upper Estuary it was first necessary 
to carry out a “ land survey,” that is a triangulation in which the positions of suit- 
able land marks on the shores of the Estuary are accurately fixed. From the 
positions of these main reference points the positions of subsidiary marks on the 
shore can be fixed, and from the complete system of fixed marks the position of any 
point in the Estuary at which a sounding is taken can be found by means of 
sextant angles. The “ capacity’ of the Upper Estuary has throughout the series 
of surveys been taken as the volume lying between the bed of the Estuary and the 
highest level reached at all points by a tide rising, at Prince’s Pier in the Narrows, 
to a height of 31 ft. above Liverpool Bay Datum. This volume is rather greater 
than the total volume of water in the Upper Estuary when a 31-ft. tide has risen to 
its maximum height at the mouth of the Narrows, since near the head of the Estuary 
the time of high water is later than it is in the Narrows. The height reached by 
31-ft. tides was observed by the Mersey Docks and Harbour Board at several 
points from the Narrows to Warrington. From these observations the average 
height at intermediate points was calculated and taken as the maximum height 
reached by the standard tide. The depth of the bed of the Estuary at any point 
below the high water level of a 31-ft. tide is usually measured by taking a sounding, 
which gives the distance of the bed below the water level at that point at the time 
at which the sounding was taken. While sounding is in progress the height of the 
tide is observed on a tide pole erected near the shore of the Estuary near the position 
of sounding. The height of the zero mark on the tide pole with reference to the 
fixed Datum of the survey is obtained by levelling, and thus the height of the tide 
above Datum at this place at any time is known. When this correction is applied 
to the sounding, the result gives the height of the bed at that point above or below 
Liverpool Bay Datum, and since the height reached by a 31-ft. tide above the same 
Datum is known, the distance between the bed and this height can be calculated. 
In some parts of the Upper Estuary it is more convenient to obtain the height of 
the bed directly by levelling at low water. In the method used by the Mersey 
Docks and Harbour Board, the capacity of the Upper Estuary is calculated from 
the areas of a number of cross-sections which in general are approximately at right 
angles to the centre line of the Estuary. From these areas and from the longitudinal 
distances between successive cross-sections, the volume is computed. Thus, in 
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order that the measurements of capacity throughout the period of the surveys 
should be comparable, it is necessary that the following main conditions be fulfilled : 


(1) The accepted positions of the main and subsidiary reference points 
should have been the same in each survey, (2) the reference datum and 
the height taken as the level of the 31-ft. tide above this datum. should 
have remained unchanged, (3) the positions of the cross-sections and the 
measured distances between them should have been accurately determined 
throughout, (4) the methods used in sounding, levelling and applying 
tidal corrections should have been of the same degree of accuracy during 

. the series of surveys, (5) the shape of each cross-section, which is obtained 
from the length of the section and the soundings taken, should always 
have been drawn and its area measured to the same degree of accuracy, 
and (6) the volume of the Estuary, which is obtained from the areas of 
cross-sections and the distances between them, should have been calculated 
accurately and by the same methods throughout the series. 


Before the first measurement of capacity in 1861 a triangulation of the principal 
land marks on each shore was carried out; this was based on a previous triangula- 
tion completed in 1843 which had been made by H.M. Ordnance Survey Depart- 
ment in collaboration with the Corporation of Liverpool. The triangulation of 
1860 was used continuously up to 1930, when a re-triangulation was carried out 
by the Mersey Docks and Harbour Board. ‘The positions found in 1930 agreed 
with those which had been used since 1860, so that the hydraulic surveys through- 
out the series have been based on the same reference frame-work. 


For the first hydraulic survey in 1861, the positions of the cross-sections 
along which soundings are taken were fixed, the positions of the section ends 
being defined by measurements from fixed marks. The measurements made 
were recorded, and the positions of the section ends for subsequent surveys have 
been obtained from the same measurements, so that the same cross-sections 
have been used throughout the series of surveys. From time to time changes 
in the coast line have occurred as a result of erosion or the demolition or con- 
struction of works on the foreshore. Where these changes have occurred, the 
same cross-sections have been used, but the positions of the section ends affected 
have been re-determined. The cross-sections are not spaced at equal distances 
apart, and owing to the shape of the Estuary are not always parallel to each other. 
The distances between successive cross-sections were measured when the capacity 
of the Estuary in 1861 was calculated and the same distances have been accepted 
in all subsequent surveys. The method by which the distances between sections 
were originally measured is unknown; the accepted values are given in Table 113. 


TABLE 113—Mean Distances between Cross-Sections used in the Calculation 
of the Capacity of the Upper Estuary 


Rock Light to Mean distance 
os eatery Warrington. between Sections 

y Sections Nos. (yds.). 
1 0 to 21 216 
9 { yA are 216 

26 ,, 47 226:5 
3 ' 47 ,, 74 393 
74 ,, 83 360 

4 83 ,, 100 343-5 
100 3,.5810 189 
5 110 ,, 124 348 

124 ,, 133 304-5 

6 133 ,, 161 304-5 


During each survey a line of levels is run along each side of the Estuary, 
and is connected across between Runcorn and Widnes. These levels are connected 
to all available Ordnance bench marks as well as to subsidiary permanent marks, 
the heights of which have been measured, and to pegs at the end of each section. 
At low tide, lines of levels’ are taken on each section as far as possible across the 
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foreshore on each side of the Estuary, the intervening gap being filled by soundings 
which are usually taken at about the time of high water. Soundings are now taken 
from motor launches, which, starting from one side of the Estuary, sound across 
the section until they have overlapped the part of the foreshore which has been 
levelled. An adjacent section is sounded on the return journey. During sounding 
the launch moves slowly ahead without stopping for individual soundings, and 
at intervals the position of the launch is fixed by taking simultaneous angles 
with sextants between marks on the shore. The position is plotted on a working 
sheet by means of station pointers. The banks and channels in the Upper 
Estuary are constantly moving, and in carrying out a survey it is, therefore, 
desirable that the work should be completed in as short a time as possible. For 
this reason several motor launches are now used and the field work is continued 
with all speed until the survey has been completed. It is necessary, however, 
to choose calm days for the work, and the men are employed on shore during rough 
or foggy weather. Sounding is done at about the time of high water when the 
tidal stream is slack and it is relatively easy to keep a lead line vertical; near 
high water also the rate at which the tide rises or falls is least. In the earlier 
surveys it is probable that rowing boats were used, and that the time taken to 
complete a survey was longer than during recent years. 

In sounding, hemp lead lines are used, and the depths are taken to the nearest 
half foot where possible, or to the nearest foot; in shallow water in the Upper 
Estuary, depths are taken to the nearest 3 in. In all cases the soundings are 
called to the nearest mark whether it is above or below the water line. Tidal 
corrections to the nearest 3 in. are made to the soundings. The Mersey Docks 
and Harbour Board have a number of automatic recording tide gauges at various 
points in the Estuary, but these are not relied upon for correcting soundings, except 
in the Narrows, where Prince’s gauge is used. 

The plans of the first surveys are on a scale of 500 ft. to the inch; but after 
1896 a scale of 880 ft. to the inch was adopted for the plans above Eastham, and 
a scale of 500 ft. to the inch has been used for the plans below Eastham. These 
are all reduced to a scale of 880 ft. to the inch for printing. 

The positions of the ends of each section together with the “ fixes’”’ taken 
during sounding are plotted on an office working sheet which has been prepared 
beforehand, and which contains the fixed triangulated marks forming the frame- 
work of the survey. From these sheets each cross-section is then drawn. A 
line is first drawn representing Liverpool Bay Datum, and a length is marked off 
giving the length of the section, this being measured between the positions of the 
section ends shown on the working sheet. A second line representing the top water 
level is then drawn parallel to the line representing the Datum; the horizontal 
scale used is 264 ft. or 4 chains to the inch, and the vertical scale 20 ft. to the inch. 
The lines of levels from the ends of the sections are then drawn as verticals, and the 
soundings are transferred from the office sheet to the section drawing, the horizontal 
distances being measured from the Cheshire end of the section in each case. Where 
the soundings overlap and are different from the levels the latter are accepted as 
being correct. The ends of the verticals are then joined with straight lines repre- 
senting the bed of the Estuary, and the area between the bed and the line 
representing the top water level is measured. In recent years these areas have 
been measured by planimeter, the mean of three readings being taken, but before 
about 1896 it is probable that the areas were measured by some method of 
counting squares. 

When this has been done the area of each cross-section on which soundings 
were taken is known, and the volume of the whole Upper Estuary is calculated 
from the areas found and from the distances between adjacent cross-sections. 
For the first survey, carried out in 1861, the cross-sections were divided into 
groups and the longitudinal distance between the extreme sections in each 
group was measured. This distance, divided by the number of intervals between 
the sections in the group, gave the mean distance between adjacent cross-sections, 
this mean distance varying from one group to another. The values so obtained 
have been used in the calculation of the capacity of the Estuary in every survey. 
The volume has been computed for each survey by a formula similar in principle 
to Simpson’s rule. 

A few surveys were made before the setting up of the Mersey Docks 
and Harbour Board. The first of these of which information has been obtained 
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was carried out in 1765, but this and other surveys made before 1800 for navi- 
gational purposes are not regarded as being sufficiently accurate to give a reliable 
estimate of the volume of the Estuary. A more extensive survey was made 
for the Corporation of Liverpool between 1819 and 1821, but it was subsequently 
found that the levels of high water adopted in the upper part of the Estuary 
were inaccurate. Another survey was begun in 1833. The original charts do 
not indicate the manner in which the capacity of the Estuary was calculated in this 
survey and, although figures showing the capacity at high water are given, the 
results have not been included for comparison with those of more recent surveys. 

The most important documents which are available relating to the periodical 
surveys made by the Mersey Docks and Harbour Board between 1861 and 1931 
are listed in Table 114. 


TABLE 114—Data available on the Surveys of the Upper Mersey Estuary by 
the Mersey Docks and Harbour Board between 1861 and 1931 


YY €ar; Data. Scale. 

186010535 iy .. | Plan of Triangulation o Ne .» | 5004¢, toma: 

1860) =; a4 .. | Record Book © oP ie 5 — 

1860... a .. | Field Book of coast details . . oe is — 

1861, 1871, 1881 and |} Fair Drawings of hydraulic surveys show- | 880 ft. to 1 in. and in 
then quinquennially ing soundings and coastline earlier years 500 ft. to 
to 1931 1 ia 

For each survey .. | Drawings of cross-sections, and areas of Horizontal 264 ft. to 1 in. 

cross-sections Vertical 20 ft. to 1 in. 


For all surveys except | Files of original sounding sheets (including — 


those of 1861 and levels) and tidal corrections 
1871 
For each survey .. | Files of the original computations of cubic ~~ 
capacities 
1930... ae .. | Diagram with tabulated angles and distances | 3,040 ft. to 1 in. 


from trigonometrical survey 


LAND SURVEYS 


In 1843 a triangulation from Southport to Warrington was carried out by 
H.M. Ordnance Survey Department in collaboration with the Corporation of 
Liverpool. In 1860 a more detailed triangulation of the shores of the Estuary 
was made, the survey being based on measurements taken during the triangulation 
of 1843. The survey of 1860 was used as a basis for all other measurements 
made in the Upper Estuary until 1930, and its accuracy is therefore a matter of 
importance. It was plotted on a scale of 500 ft. to 1 in., and on this scale a 
length of 0-01 in. on the plan (equivalent to 5 ft.) is the least length that is normally 
visible or can be scaled. The lengths of the sides of most of the triangles used 
in 1860 were between 10,000 and 20,000 ft. The method by which the survey 
was originally plotted is not known, but it appears that 27 lines were taken from 
the survey of 1843, and were used as base lines. No information is available on 
the angles observed or the triangulation errors in 1860, but an indication of the 
accuracy of the survey can be obtained by comparing the length of certain lines 
given by the 1860 survey with the corresponding length found in 1843. The base 
line used in 1860 was taken directly from the 1843 plan, but the length of the test 
lines was computed by a different system of triangles in the two surveys. Thus 
on the assumption that the 1860 survey was begun at the Liverpool end of the 
Estuary, the line between Hale Church and Weston Point Church at the upper end 
of the Estuary may be taken as a closing line; the length obtained in 1860 was 
7,612-6 ft. and in 1843 it was 7,608-8 ft., the difference being 3-8 ft. or 0-05 per 
cent. The length of the line between Birkenhead Church and St. James’s Church 
was similarly given as 8,083-4 ft. in 1843, and as 8,077-6 ft. in 1860, the difference 
being 5°8 ft. or 0-07 per cent. The accuracy of the survey carried out in 1860 
thus appears to be of the same order as that of the Ordnance Survey of 1843, and 
to be sufficient for the purpose for which it was made. 

In 1924 a third trigopometrical survey was begun by the Mersey Docks and 
Harbour Board, and the work was finished in 1930. This triangulation was 
undertaken because many of the marks which had been included in the survey 
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in 1860 had either been demolished or had become obscured by developments 
on shore. In the new survey, which covered the area between Rock Light and 
Runcorn, the position of new shore marks was determined. The triangulation 
was based on two Ordnance Survey lines, one at either end of the Estuary. 
From these base lines the triangulation closed on the line between Dungeon 
Point and Stanlow Point with a closing error not exceeding 6-5 ft. in a length 
of 13,718 ft., or 0-05 per cent., which is within the desired limit of accuracy. 
Check calculations made on several of the triangles used show a similar degree 
of accuracy. 

In the earlier hydraulic surveys the outline of the Estuary and the reference 
marks were plotted as required from the original data of the triangulation. In 
later years the Mersey Docks and Harbour Board collaborated with H.M. Ordnance 
Survey Department in the construction of a plan of the Estuary showing the 
topography and sounding marks, all available data being used. While this 
system was in force a fresh plan of the Estuary was in fact drawn on each occasion. 
In 1919 the reference marks used in quinquennial surveys were transferred by 
the Mersey Docks and Harbour Board to slates, and in 1928 to aluminium sheets. 
When this had been done the positions of the given points were fixed without the 
possibility of distortion, and positions were transferred from the slates or 
aluminium sheets at each quinquennial survey. 


LIVERPOOL BAy DATUM 


The old primary levelling of Great Britain was carried out between the years 
1840 and 1860, and it appears that Ordnance levels were established in the 
Mersey area before the first quinquennial survey of 1861. The datum with which 
the Ordnance levelling of 1840 to 1860 was connected was mean sea level at 
Liverpool as determined from a fortnight’s observations in 1844. Between the 
years 1912 and 1921 the primary network of levels was re-surveyed, the datum 
to which the new system was referred being mean sea level at Newlyn derived 
from observations made during the period 1915 to 1921. It was found that the 
old Ordnance Datum at Liverpool was 0-13 ft. above mean sea level at Newlyn. 
It is thought that this change did not represent any vertical movement of the 
land, but was due rather to inaccuracy in obtaining the mean sea level at Liverpool. 
The levels and soundings of the quinquennial surveys of the Estuary are referred 
to a level 10 ft. below the Statutory Datum of the Old Dock Sill, which is 4-67 ft. 
below the old Liverpool Ordnance Datum. The line 10 ft. below the Old Dock 
Sill or 14-67 ft. below the old Ordnance Datum is known as Liverpool Bay Datum 
(L.B.D.), and was established in 1862 as the permanent Datum for the Bay. This 
level is approximately the level of low water at equinoctial spring tides, and is 
about 1 ft. 9 in. below the level of mean low water of ordinary spring tides. 
The levels of all the surveys of the Upper Estuary from 1861 are referred to 
Liverpool Bay Datum. 


THE HEIGHT OF HIGH WATER AT SPRING TIDES 


In the Mersey Conservancy Act of 1842 it was enacted that the limit of the 
jurisdiction of the Conservators over the construction of piers and other works 
on the river should be the line of the high water mark of a tide, uninfluenced by 
wind, rising to a height of 21 ft. above the sill of the gates of the Old Dock in 
Liverpool. This is equivalent to a height of 31 ft. above Bay Datum. In 1860, 
therefore, and in connection with the 1861 survey, the heights to which a 31-ft. 
tide at Liverpool rose at various points along the Estuary were observed for 
tides between the 15th and 18th of September, and a line of top water level was 
drawn on each section at a height corresponding with the position of the section. 
These heights gradually stepped up from 31 ft. above Bay Datum at Liverpool 
to 35 ft. at Warrington. The section ends or intersections of the top water line 
and the bed of the Estuary determined the line of the high water mark at each 
section and on either side of the Estuary. 

In 1895 the Mersey Docks and Harbour Board made fresh observations during 
a period of eight months of the height of high water in different parts of the 
Upper Estuary for a tide rising 31 ft. above Bay Datum at Prince's Pier. The 
levels obtained in 1895 in the upper parts of the Estuary were considerably lower 
than those obtained in 1860. In 1931 the Mersey Docks and Harbour Board 
obtained further mean values of the top water level in different parts of the 
Estuary for tides rising to a height of 30 ft. 6 in. to 31 ft. 6 in. at Prince’s Pier; 
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the new levels were obtained from the records of self-recording gauges. The 
values obtained agree fairly closely with the accepted top water levels of 1860. 
During the present investigation another attempt was made to determine whether 
any real difference has occurred in the height reached by a standard tide in different 
parts of the Upper Estuary, the data being obtained from records of automatic 
gauges. The mean observed height reached by a standard tide at a given position 
in the Upper Estuary was found to vary considerable from year to year. Similar 
variations occurred in the recorded mean tide level and in the recorded mean 
sea level, computed from the records given by a self-recording gauge at Prince’s 
Pier. There does not appear to be any correlation between the observed varia- 
tions from year to year in the top water level and the observed changes in the 
capacity of the Upper Estuary. The cause of the observed differences in tidal 
height from year to year is unknown, but they may be due partly to changes in 
meteorological conditions and partly to the unreliability of automatic gauges. 
The Mersey Docks and Harbour Board in computing the capacity of the Estuary 
have, in all cases, used the line of levels established in 1860, though for the survey 
of 1896 the 1895 top level was first used and then discarded. 


POSITIONS OF CROSS-SECTIONS 


In the survey made in 1861 the cross-sections along which soundings were 
taken were numbered from 1 to 161, beginning at Rock Light. In 1871 some 
revisions were made; Section 0 was introduced and the alignment of Nos. 1 and 
2 was altered, while higher up the Estuary, between Nos. 45 and 116, 15 additional 
sections were introduced; these were denoted by the suffix ““A’”’. In 1881 one 
additional section, No. 81A, was introduced. The introduction of the new sections 
did not materially affect the comparability of the capacities computed in the 
three surveys between 1861 and 1881. The computations for 1861 and 1871 
were made after the survey in 1881, and in the calculations the “‘ A” sections were 
introduced into the two earlier surveys, the areas being assumed to be the same 
as those found by measurement in 1881. Seven of the 178 sections have not 
been used in computing the capacity of the Estuary, but the same 171 sections 
have been employed in the calculation from each periodical survey. 

The method by which the mean distances between adjacent sections was 
determined in 1861 is not known. It appears, however, that the distances were 
measured after the survey of 1881, and were used in the computations for the 
previous two surveys. During the present investigation the distances between 
sections were re-measured, the distances between each pair of sections being 
scaled off from the plan of the 1931 survey of which the fixed points were plotted 
on an aluminium sheet in 1928. The method used when the sections were not 
parallel was to scale the two perpendiculars at each end of the pair of sections and 
adopt their mean. A comparison of the results obtained is given in Table 115. 


TABLE 115—Comparison of the Distances between the Sections used in the 
Quinquennial Surveys of the Upper Estuary 


Distances measured by the Mersey Docks and Harbour Board in 1881 and re-measured by Department 
of Scientific and Industrial Research in 1934 














M.D.H.B. DES ae 
Differences, 
Standard Distances. Re-measured Distances. 
Cross-Sections No. of 
Nos. Intervals. 

Mean Total Mean Total : aS 
(yds.). (yds.). (yds.). (yds }. mete bese 

0-21 21 216 4,536 213-4 4,482 |— 54 |— 1-19 
21-26 5 216 1,080 221-4 1,107. |+ 27 jt ea 
26-47 ZS 226°5 5,210 210°2 4,834 |— 376 |— 7:22 
47-74 33 393 12,969 wa N | 12,245 |— 724 |— 5:58 
74-83 15 360 5,400 375°9 5,638 |+ 238 |+ ° 4-41 
83-100 Da 343-5 5,840 269-1 4,574 |— 1,266 |— 21-68 
100-110 #4 189 1,323 162-0 1,134 |— 189 |— 14-28 
110-124 13 348 4,524 323°5 4,206 |— 318 |— 7:03 
124-133 9 304°5 2,740 286 +9 2,582 |— 158 |— 5:77 
133-161 27 : 304-5 8,222 330-2 8,915 |+ 693 i+ 8:43 
(0-161) 170 = 51,844 ae AS 717 |= 2197 ‘| ae 
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The results indicate that the method used in 1881 was different from that 
adopted during the present investigation, since in the total length of the Estuary 
the re-measurement shows a decrease of 1 mile 367 yards, or 4-1 per cent. This 
difference cannot be explained since the method of measurement originally used 
is not known. 


SOUNDING AND LEVELLING 


The height of the bed of the Estuary above or below Bay Datum is obtained 
both by levelling and by sounding. The use of levelling, which is the more 
accurate method of the two, has apparently increased from 1896 onwards, and 
sections or parts of sections in the upper part of the Estuary which had previously 
been surveyed by sounding were afterwards levelled. As the positions of the ends 
of the sections are marked out, lines of levels are run along the shore on each 
side of the Estuary and are connected with Ordnance bench marks, thus obtaining 
the level of the peg or mark at each end of each section. This system of levelling 
is also connected to the permanent tide gauges and to temporary tide poles when 
required for reducing soundings. The ends of the cross-sections are then levelled 
at times of low water when the banks are exposed, the horizontal distances being 
obtained from marked measuring wires. Where the banks near the section ends 
are too soft for levelling at low water the ground line has to be obtained by sounding 
at high water, but on some sections it is possible at low water to carry the levelling 
across the river, thus connecting the system of levels at each side. From an 
examination of the records it is concluded that a fair estimate of the accuracy of 
levelling is a margin of error of plus or minus 3 in. The margin appears to be 
rather more in the earlier surveys and rather less in the later surveys. This 
margin is within the limit of error that can be measured by scale on the plotted 
sections. 


The methods of sounding vary according to the position in the Estuary and 
the depth of water. In the Narrows from Rock Light to Dingle, soundings are 
taken at low water during the stand of the tide, two sections usually being sounded 
at each tide. A hemp line witha 14-Ib. leadis used. For the quinquennial surveys, 
as already mentioned, the soundings are called to the nearest mark whether this 
is above or below the water line. When possible, the soundings are taken to the 
nearest 6 in., and at other times to the nearest foot. Above Dingle sounding is 
done at about the time of high water, the soundings being called to the nearest 
6in. Insome places, where the water is shallow and the banks are soft, soundings 
are taken at high water with a pole, and are read to the nearest 3 in. In the 
shallow reaches of the Estuary above Widnes the channel, if too deep to be waded, 
is sounded with a pole, the position on the cross-section being taken from wire 
lines stretched across the river. The tidal reduction is obtained from readings 
of the tidal height taken every 10 minutes during sounding; the reductions 
are made to the nearest 3 in. The horizontal distances of the soundings are 
obtained by sextant angles read to degrees and minutes and plotted by station 
pointers. 


AREAS OF CROSS-SECTIONS 


After the positions of soundings have been plotted by means of station 
pointers on the “ Hydraulic Survey Plan”’ the distances between the soundings 
are scaled off from these plans and are transferred to section drawings, all distances 
being measured from the Cheshire side. Any distortion or shrinkage of the 
hydraulic plans at the time when the sections are drawn therefore directly affects 
these measurements. It has been found that there is now a considerable shrinkage 
in the earlier plans, but as they were used for the construction of the sections a 
short time after they were plotted, it is not likely that any serious shrinkage had 
occurred at that time. The earlier drawings of cross-sections are also now found 
to have shrunk, but this is attributed largely to their having been colour-washed 
after their areas were determined. The shrinkage does not therefore affect the 
accuracy of the areas originally obtained. 


The cross-sections of the Estuary in each of the periodical surveys have been 
plotted to a horizontal scale of 264 ft. (4 chains) to an inch, and to a vertical scale 
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of 20 ft. to an inch; thus the least dimensions which can ordinarily be plotted or 
read by scale from the sections are equivalent to about 2 ft. horizontally or 3 in. 
vertically. From scaled measurements of the sections of the 1931 survey the total 
length of the top water level of the 171 sections is 978,890 ft., giving an average 
length for a section of 5,724 ft. The margin of error in measuring the horizontal 
scale to an accuracy of 2 ft. is thus about 0-035 per cent. The total area of the 
cross-sections for the 1931 survey is 3,136,295 sq. yds., giving an average area 
for each section of 18,341 sq. yds., and an average depth of 28-8 ft.; an error 
of 3 in. in this depth is 0-087 per cent. If the correct area of each average cross- 
section is 5,724 ft. x 28-8 ft., and it is measured by scale from the section as 
5,726 ft. x 29-0 ft., the difference in area, due to the limit of accuracy within 
which dimensions can be scaled, amounts to 134 sq. yds. or 0:73 per cent. ; 
this error may be positive or negative. 


In recent surveys the areas of the cross-sections have been measured by 
means of a planimeter before the drawings were coloured or mounted. It is now 
the practice to check a planimeter over a scaled square on each day before it is 
used. The mean of three readings is adopted and the area in square yards is 
written on each section. It is not known when the Mersey Docks and Harbour 
Board first used planimeters, but records of readings are available for 1906, and 
it is probable that they were first used in 1896. 


COMPUTATION OF CAPACITY 


From the measured areas of cross-sections and from the distances between 
them the capacity of the Estuary is calculated. The records of the computations 
for each survey since 1861 are preserved; they show that the computations for the 
first three surveys were made in 1881, and that the method used throughout the 
surveys has been the same. In all cases the capacity has been computed by the use 
of a modified form of Simpson’s Rule. This formula may be used for the measure- 
ment of volumes in either of two forms :— 


(1) For an even number of equidistant cross-sections :— 


ey i Sa 
V=x(P+S, +5, ke + 32) 
(2) For an odd number of sections :— 
Ae a (3 + 251 + 52+ 253+... + 2502) + 2e-2) 4 2 eee =*) 


where V = volume, x = the distance from section to section, and Sp, S,, S, .. are 
the areas of adjacent sections. 


The essential points about the use of the formula are that the distances 
between adjacent cross-sections should be the same in each case, and that the 
appropriate formula should be used according to whether there is an even or an 
odd number of cross-sections. If the formula indicated for an odd number of 
sections is used for an even number, incorrect results are obtained. In the method 
used by the Mersey Docks and Harbour Board, the distance between adjacent 
cross-sections is variable. The Estuary is divided into a number of compart- 
ments, each containing an even number of sections, but the formula used is 
that designed for use with an odd number of sections. In order to appreciate 
the effect of the use of the less appropriate formula the volume of the Estuary 
in 1906 and 1931 has been calculated by the more appropriate formula for 
comparison with the results obtained by the Mersey Docks and Harbour Board 
(Table 116). 


The figures indicate that the capacities as computed by the formula adopted 
by the Mersey Docks and Harbour Board are lower than those resulting from the 
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TABLE 116—Comparison of the Calculated Volume of the Upper Estuary from Two 
Surveys carried out by the Mersey Docks and Harbour Board using (1) Formula 
for an Odd Number of Sections, and (2) Formula for an Even Number of Sections 








Capacity of Estuary (cu. yds.). 








Mersey Docks 


Sections Nos. and Harbour 


(2) Re-calculated 


























Board. by formula Difference Difference as a 
(1) Using formula | for even number (2 minus 1). percentage of (1). 
for odd number of sections. 
of sections. 
1906 Survey 
0-21 153,245,376 154,907,208 |+ 1,661,832 1-08 
21-47 184,025,853 188,821,941 + 4,796,088 2-60 
47-83 586,813,726 593,037,366 |+ 6,223,640 1-06 
83-100 41,781,737 41,797,080 |+ 15,343 0-04 
100-133 20,758,650 21,261,937 |+ 503,287 2-42 
133-161 4,119,073 4,118,971 |— 102 0-0 
Total 990,744,415 1,003,944,503 |+ 13,200,088 1-33 
1931 Survey | 
0-21 147,069,187 148,673,016 |+ 1,603,829 1-09 
21-47 178,507,907 182,957,210 |+ 4,449,303 2-49 
47-83 548,220,703 553,658,670 |+ 5,437,967 0-99 
83-100 39,156,824 39,209,151 + 52,327 0-13 
100-133 21,877,092 22,115,292 |+ 238,200 1-09 
133-161 4,253,317 4,263,000 {+ 9,683 0-23 
Total 939,085,030 950,876,339 |+ 11,791,309 1-26 
Difference between Surveys (1906 and 1931) 
Total 51,659,385 53,068,164 1,408,779 
Difference as a percen- 
tage of 1906 capacity 5+21 9°29 











use of the more correct formula. The difference varies in different groups of 
sections, but on the total computed capacity it is 1-33 and 1-26 per cent. for 1906 
and 1931, respectively. Taking the change in capacity between 1906 and 1931, 
however, the loss in capacity given by the method used by the Mersey Docks and 
Harbour Board is 5-21 per cent. of the 1906 value, while the corresponding loss 
given by the other method is 5-29 per cent. 


The cubic capacity of the Estuary for 1906 and 1931 has also been calculated 
using the more appropriate formula and the re-measured distances between sections 
referred to in Table 115. The results are as follows :— 


1906 958-2 million cu. yds. (M.D. & H.B. value 990-7 million 
cu. yds.). 

1931 907-4 million cu. yds. (M.D. & H.B. value 939-1 million 
Cis.) 

Difference 50°8 million cu. yds. (5:3 per cent. of 1906 value). 


Although the figures for the capacity obtained by using the re-measured distances 
are considerably less than those given by the Mersey Docks and Harbour Board. 
the percentage difference between the two surveys remains approximately the 
same, the loss in capacity being 5-3 per cent. of the 1906 value instead of 5-2 per 
cent. 


The value for the capacity obtained by the use of the more appropriate 
formula, and after re-measurement of the distances between sections, may be 
regarded as approaching more nearly to a true estimate of the capacity, but owing 
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to the arrangement of the sections, which are neither equidistant nor parallel 
within the compartments used in the calculations, it is doubtful whether the new 
figures give an accurate estimate of the true capacity. The main difficulty in 
computing the volume by the use of Simpson’s formula is in deciding on the 
distance between adjacent sections which should be taken since, particularly where 
they are not parallel, the sections may be deeper on one side of the Estuary than 
on the other. In this case the effective distance between the sections should be 
measured nearer to the side of the Estuary where the greater part of the volume 
of water occurs. The re-calculation of the volume of the Estuary by other 
methods is discussed at the end of the present chapter. 


REPLICATE MEASUREMENTS OF THE AREAS OF CROSS-SECTIONS 


In attempting to estimate the accuracy of the measurements of the capacity 
of the Estuary by the methods employed, replicate determinations of the area 
of one of the cross-sections (No. 47) were first made. Soundings were taken between 
South Dingle Jetty on the Lancashire side of the cross-section to an arbitrary 
point at approximately low water level on the Cheshire side; soundings were 
corrected from readings of a tide gauge on South Dingle Jetty and the area of 
the section to the height of high water of a 31-ft. tide was computed. The results 
are shown in Table 117. The differences between cross-sectional areas obtained 
on the same day were small, amounting to less than 0-6 per cent., though there was 
a difference of nearly 4 per cent. between the areas obtained in October and 
November. This difference may have been partly due to dredging in the 
neighbourhood of Dingle Jetty and partly to a strong gale which occurred at the 
period of spring tides between the two determinations and which may have caused 
movements of sand banks. The figures indicate the necessity for completing 
surveys of the Estuary in a short period, since frequent changes in the position 
and shape of sand banks in the Upper Estuary occur. Although the material 
may not be transported any great distance from its original position it is possible 
that sand or mud moving from one section to another during the survey might 
cause errors in the value of the capacity obtained. 5 


TABLE 117—Areas of Cross-Section No. 47 between the Same Arbitrary Limits, 
obtained from Soundings in October and November 1933 











Percentage of 
Date. Area Difference Mean area first mean 
(sq. yds.). (per cent.). (sq. yds.). value. 
30.10.33 29,694 0:55 
29,856 { 0-58 29,744 100 
29,683 
10.11.33 - 30,928 
ayes } 0-58 30,839 103-7 
14.11.33 30,780 
Shae j 0-07 30,768 103-4 





In April, 1936, during high spring tides, duplicate soundings of a small com- 
partment in the Upper Estuary were made in collaboration with the Mersey Docks 
and Harbour Board, who were then carrying out their 1936 quinquennial survey. 
The positions of the cross-sections sounded are shown in Fig. 126; they were 
chosen as being representative of conditions in the Upper Estuary since the bottom 
on the Lancashire side consisted of sand, and on the Cheshire side of mud. The 
preliminary work was carried out by the Mersey Docks and Harbour Board, but 
the work was watched and calculations were checked by the staff of the Depart- 
ment. Levelling was carried out on each section over the mud bank on the 
Cheshire side for as far as it was possible to walk, this work being done by the Mersey 
Docks and Harbour Board. The remainder of the section was sounded at the 
same time from two boats, onein charge of the Mersey Docks and Harbour Board, 
and the other in charge of the Department’s staff. In the latter boat, however, 
the soundings were called by a leadsman borrowed from the Harbour Board to 
ensure that there should be no difference in the method of calling soundings. 
The soundings were plotted on an office working sheet and were later re-plotted 
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on a fair sheet. They were then transferred to section drawings by the methods 
used by the Mersey Docks and Harbour Board. The areas were measured by plani- 
meter, the areas accepted being the mean of measurements made by three persons 
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Fic. 126—Part of Upper Mersey Estuary showing the Six Cross-Sections surveyed 
(21st to 23rd April, 1936) for Comparison with Results obtained by the 
Mersey Docks and Harbour Board during the same Period 


using different instruments. At the same time the Mersey Docks and Harbour 
Board worked out the areas of the same cross-sections and the volume of the 
compartment between them. The results are compared in Table 118. The 
areas of the cross-sections obtained by the Mersey Docks and Harbour Board 
were sometimes higher and sometimes lower than the corresponding areas obtained 
by the Department; the greatest difference was 3-1 per cent. The difference 
in the calculated capacities of the compartment was only 0-2 per cent. 


TABLE 118—Capacity of the Compartment of the Estuary between Sections 77A 
and 80, measured and computed by the Mersey Docks and Harbour Board 
and by the Department of Scientific and Industrial Research 


1 

















Means of Section areas (sq. yds.). 4 
Sections Difference Shen pag ft th 
Nos. ({-2). open ee 
M.D.H.B. (1) D.S.LR. (2) Fete prom peti 
77A 23,091 23,484 — 393 — 1-7 
78 22,962 22,557 + 405 + 1-8 
78A 20,867 21,249 — 382 — 1-8 
79 19,277 19,595 — 318 — 1:6 
7T9A 17,658 17,794 — 136 — 0:8 
80 16,297 15,790 + 507 + 3-1 








Accepted mean distance between Sections 326-7 yards. 
1936 Capacity of Compartment : 

_M.D.H.B. Total Capacity of Compartment 31-080 million cubic yards. 
D.S.LR: fe i: Y A 31-142 ' re 
Diticrences .- .. 0-062 or 0-20 per cent. 





The areas of selected cross-sections found in each quinquennial survey by 
the Mersey Docks and Harbour Board between the years 1871 and 1931, expressed 
as a percentage of their respective areas in 1931, are shown in Fig. 127. The cross- 
sections selected are those in the compartment between Rock Light and Sea- 
combe (Sections 0 to 21), where there has been comparatively little change in 
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capacity since 1871, and from Mt. Manisty to the River Weaver (Sections 67A 
to 83), where large changes in capacity have occurred. It will be seen that although 
in places there are considerable divergences, in general the curves for adjacent 
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1G. 127—Areas of Cross-Sections for each Survey from 1871 to 1931, expressed as Percentages of the 
Corresponding 1931 Areas. Area in 1931 = 100 per cent. in each case 


cross-sections are fairly closely related, the tendency of any one cross-section, to 
increase or decrease from one survey to the next being reflected to a varying degree 
in adjacent cross-sections. This regularity suggests that the measurements of 
the cross-sections are reasonably accurate and that the changes found from one 
survey to another were due to the movement of banks in the Upper Estuary. 


COMPUTATION OF CAPACITY BY VARIOUS METHODS 


From the data provided by the Mersey Docks and Harbour Board the 
computation of the capacity of the Upper Estuary for each survey has been 
repeated by the method used by the Board in order to check the original work. 
It was found that in some years minor mistakes in working had been made, the 
errors usually being arithmetical, although in some cases incorrect areas of cross- 
sections had been used. The amended figures for the capacities compared with 
the original figures are shown in Table 119. The errors discovered do not sub- 
stantially affect the relative volumes of the Upper Estuary in the different surveys. 


TABLE 119—Volume of the Upper Estuary, re-calculated from the Original Data 
and compared with the Volume originally computed by the Mersey 
Docks and Harbour Board 


Difference as a 


Capacity of Mersey Estuary (millions of cu. yds.). percentage of 








WieaG ee 
M.D.H.B. DS ise Diff and Harbour 
computations. computations. nie og Board figures. 
1861 979-3 982-9 + 3-6 We 
1871 954-6 954-7 Sty +0: CR 
1881 962-2 962-2 0 0 
1886 1,003-1 1,003: 1 0 0 
1891 946-1 947-9 a ot-8 + 0-19 
1896 982°3 976-2 — 6:1 — 0-62 
1901 980-3 980-3 0 0 
1906 990-7 990-7 0 0 
1911 973-8 973-8 0 0 
1916 956-7 956-7 0 0 
1921 942-4 943-7 + 1-3 + 0-14 
1926 939-2 7 939-2 0 0 
1931 939-1 939-1 0 0 
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The volume of the Upper Estuary for each survey has also been calculated 
from the original data by a number of other methods in order to determine whether 
the relative differences in the capacities from survey to survey found by the 
Mersey Docks and Harbour Board were reproduced when other methods of com- 
putation were used. The additional methods adopted were the following :— 


Method B 


The capacity of each compartment was calculated by a method similar to 
that used by the Mersey Docks and Harbour Board (Method A) except that the 
more suitable formula for an even number of sections was employed. The 
standard mean distances between adjacent cross-sections in each compartment 
as used by the Mersey Docks and Harbour Board were also used in these 
calculations. 


Method C 


This was the same as Method B except that the re-measured mean distances 
between the cross-sections were used. 


Method D 


The re-measured distance between each pair of cross-sections was employed. 
The volume of the Estuary between each pair of cross-sections was calculated 
separately, the volume being taken as the average area of the pair of cross-sections 
multiplied by the distance between them. The method is thus similar to Method C. 
In Method C, however, the cross-sections in each compartment are assumed to be 
- equidistant, and the mean distance between them is obtained by dividing the 
whole length of the compartment by the number of intervals. In Method D the 
individual distances between successive cross-sections are unequal since the 
sections are actually at different distances apart. 


Method E 


This method is entirely different in principle from other methods used; it 
does not involve the measurement of the areas of cross-sections, and it was thought 
that it might indicate whether an abnormal value for the capacity found in any 
year could be traced to the incorrect measurement of the areas of sections. 

In previous computations of capacity the Narrows and Upper Estuary have 
always been divided into ‘‘ Compartments.’ In computing the volume by 
Method E the compartments were grouped as follows :— 

Compartment 1 between Cross-Sections 0-21 \Considered as one com- 
21-47 partment (the Narrows). 
Sea Dingle to Mt. Manisty. 
67A-74 \ Mt. Manisty to River 
74-83 f{ Weaver. 
83-100 River Weaver to Runcorn 
Bridge. 

The relatively small part of the Upper Estuary above Section 100 was not 
considered, since this area contains a large proportion of marshy ground, which, 
especially in earlier years, was not surveyed with the same accuracy as the remainder 
of the Estuary. The Upper Estuary between Sections 0 and 100 was considered 
as divided by horizontal planes into four portions :— 


1. Below Liverpool Bay Datum (L.B.D.). 

2. Between L.B.D. and 10 ft. above L.B.D. 

3. Between 10 ft. and 20 ft. above L.B.D. 

4, Between 20 ft. above L.B.D. and the high water mark. 


The level of the high water mark in the Upper Estuary was taken at the 
same value as that adopted by the Mersey Docks and Harbour Board in their 
computations, but for convenience the average level was used for each of the four 
compartments considered. These average levels were :— 


Between Cross-Sections 0-47 .. 31:0 ft. above L.B.D. 
A7-67A .. 31-6 ft. above L.B.D.: 
GIA soe 4) 32-7 fh ebove.l. B.D: 
83-100 .. 33-3 ft. above L.B.D. 
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The soundings and levels shown on the fair drawings of the chart of the Upper 
Estuary for each survey were used when available, but for some of the earlier 
surveys lithographic reproductions had to be employed. On each chart the 
contours at a height of 0, 10 and 20 ft. above L.B.D. are drawn; in some cases the 
contours did not agree exactly with the soundings and the contours were re-drawn. 

In working out the capacity of the Estuary for any year the fair drawing was 
first divided into compartments and the capacity of each compartment was calcu- 
lated separately. The areas lying between the contour lines were first measured 
by planimeter. The soundings below L.B.D. were added together, and the total 
was divided by the number of soundings to give the mean depth of water below 
the drying or Datum line. If the soundings were unevenly spaced, some values 
were omitted, and occasionally values were interpolated where there was an obvious 
gap. In this way an attempt was made to give appropriate weight to soundings 
at all depths. The average depth of water below Datum multiplied by the area 
enclosed by the Datum line gives the volume of the Estuary below Datum. 

The method of calculation of the volumes between the other horizontal planes 
can be seen from Fig. 128. The volume between the Datum line and the 10-ft. 
contour consists of two parts; a “‘ wedge’ where the bed of the estuary is between 
0 and 10 feet above Liverpool Bay Datum and a “ prism ”’ above that part of the 
estuary the bed of which is below Liverpool Bay Datum. The volume of this prism 
is the area enclosed by the 0 contour multiplied by the height of 10 ft. The volume 
of the wedge is the area between the 0 and 10-ft. contours multiplied by the 
average depths between those contours; this depth was found as before by taking 
the mean of the soundings between these levels. 

Similarly the volume between the 10-ft. and 20-ft. contours consists of :— 


1. A prism of height 10 ft. and area enclosed by the 0 contour. 

2. A prism of height 10 ft. with an area equal to the difference between the 
areas of the 0 and 10-ft. contours. 

3. A wedge with an area equal to the difference in area between the 
10-ft. and 20-ft. contours. The volume of this wedge is the area 
multiplied by the mean height. 


The volume between the 20-ft. contour and high water level is similarly 
found except that the height above Datum of the high water level increases 
between Rock Light and Runcorn. The method of setting out the calculation 
of the volume between any two contours is shown in the Table given in Fig. 128. 

The volumes between adjacent horizontal planes were found separately 
for the four longitudinal compartments of the Estuary considered, and the sum of 
these gave the volume for the whole of the Upper Estuary between Rock Light and 
Runcorn. A specimen page of working is shown in Table 120 (p. 336). The same 
methods were used in computing the capacity of the Estuary for each survey except 
that adjustments had to be made for differences in the scale of charts and for 
small differences caused by distortion of the charts; the adjustments necessary 
were not large in the later surveys, but were considerable in the early ones. A 
comparison of the scales of the various fair drawings was made by measuring 
the area of part of the Estuary contained by lines joining the positions of permanent 
shore marks plotted on each chart. 


COMPARISON OF RESULTS OF COMPUTATIONS 


The volumes of the Upper Estuary between cross-sections 0 and 100, as 
computed by the four additional methods used, are compared in Table 121 (p. 337) 
with the capacity given by the method used by the Mersey Docks and Harbour 
Board; the same information is shown diagrammatically in Fig. 129. It will be 
seen that the four methods which involve the measurement of the areas of cross- 
sections (Methods A, B, C, and D) give different values for the capacity. The 
values given by Method B, in which the more appropriate form of Simpson’s Rule 
is used, but in which the distances between cross-sections are the same as those 
adopted by the Mersey Docks and Harbour Board, are somewhat higher than 
those given by the Dock Board’s calculations (Method A). The values given 
by Methods C and D, in which the re-measured distances between sections were 
employed, are lower than the values given by the first two methods. These values 
agree, on the whole, with those given by the entirely different method of com- 
putation in which cross-sections were not used, but in which the volume of the 


183 


MEASURING THE CAPACITY OF THE UPPER ESTUARY 


SAUDI [oJuoz4o FT uaaayag Aavrysy Kassayy ay) fo Kprovdo) ay) ayvjnoqva of pasn poyjapy oy) Surmoys mvssviqg—Rzt “oq 
AADMYSF 
JO pag 





‘Spunk 197. Li Saylodo7 
SPA, Ul Yars7 Ube 
SayIut BAONES Ul SOBIN/ 


I99P 2X =AUIOS HOOG =O 


(9 [sar] 2008 | eet W | 9 [pranarmy) 
ieee) a ereer a ren re 
an = 07 |_or-07 | 0/0 | 0 ora 


ag o a Vv 















184 ESTUARY OF THE RIVER MERSEY 


Estuary between horizontal planes was computed. The main divergence of the 
last method occurs in 1861, and is due to the fact that the drawings of the cross- 
sections for this year do not agree in every case with the soundings on the fair chart. 








PERCENTAGE OF M.D.2H.B. VALUE. 





186) 1871 is8i «18868! «= 1896 «180! «= 1906S ISIE Ss9G (sD ssRG IH 
YEAR. 
IN (8) Sosa © Standard distances between sections. Formula for odd No. of sections (M.D.H.B.). 
B. O——...——© ” ” ” ” ” even ” 
C. O----- O Remeasured ,, 3 a a even A, oe 
D. O—:—:O 5 “5 ms i Capacity computed between each pair of sections. 
E. © © Capacity computed between horizontal planes. 


Fic. 129—Capacity of the Upper Mersey Estuary (Sections 0 to 100) computed by Several Methods and 
expressed as a Percentage of the Value for the Same Year obtained by Mersey Docks and Harbour 
Board (Method A) 

If a method of computation involving the use of cross-sections is used, it would 
appear that a more correct result is obtained by using the re-measured distances 
between sections rather than the values adopted by the Mersey Docks and Harbour 

Board. 

Although the value of the capacity found for any survey differs according 
to the method of computation, the figures show that the changes in capacity from 
survey to survey computed by the different methods are similar. This is shown 
in Fig. 130, where the values of the capacity in each survey as computed by the 
different methods are given. The differences in capacity between 1871 and 1931 
and between 1906 and 1931, when the capacity is computed by each of the methods 
used, are shown in Table 122. The apparent loss from 1871 and from 1906 to 
1931 is roughly the same whichever method of computation is used. 


TABLE 122—Dzfference in Capacity of the Upper Estuary (Sections 0 to 100) between 
1871 and 1931 and between 1906 and 1931. Capacity computed from 
Mersey Docks and Harbour Board Data by 5 Methods 





Difference in capacity expressed as a percentage of the 1931 value. 


Period. 
Capacity computed by Method : 
A B C D E 
Years 18/1 to 1931 ee 2:0 1:8 toy, 17, 1°5 
loss) (loss) (loss) (loss) (loss) 
3 L0G MO AIST o.. 5°8 5:9 fe 5°8 5°7 
(loss) (loss) (loss) (loss) (loss) 


It appears, therefore, that provided the original data are correct the changes 
in capacity of the Estuary given by the computations of the Mersey Docks and 
Harbour Board are substantially reliable. The year in which there is most doubt 
of the result is 1861, where the chart does not entirely agree with the cross-sections 
prepared from the same original data. It is now difficult to determine whether 
the chart is more or less reliable than the sections. The accuracy of the sounding 
and levelling in earlier surveys cannot now be estimated, though there is nothing 
in the original records to stggest that the data were substantially less accurate 
in earlier than in recent years. 
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SUMMARY 


In the years 1861, 1871, 1881, and thereafter at five-yearly intervals the 
Mersey Docks and Harbour Board surveyed and calculated the capacity of the 
Upper Estuary between the mouth of the Narrows and Warrington. During the 
present investigation the methods used in these measurements have been examined 
and an estimate has been made of the degree of accuracy attained. 

During the surveys of the Estuary the positions at which soundings were 
taken were obtained by measuring with sextants the angles between fixed shore 
marks. The positions of subsidiary shore marks were derived from triangulations 
of the shores of the Estuary made in 1860 and 1930. The results of the two 
triangulations are in agreement and also agree with the results of an earlier 
triangulation made in 1843. 

The Mersey area was levelled by the Ordnance Survey Department before 
the first survey of the Estuary by the Mersey Docks and Harbour Board in 1861, 
and the same datum has been used in all the surveys. The capacity of the 
Estuary is taken as the volume between the bed and the highest points at all 
positions reached by a tide rising at Prince’s Pier to a height of 31 ft. above 
Liverpool Bay Datum. The height reached by a 31-ft. tide in different parts 
of the Upper Estuary differed in several series of observations made by the Mersey 
Docks and Harbour Board, but the same values were used by them in each com- 
putation of capacity. i 

The capacity of the Estuary is determined from the areas of cross-sections. 
The same sections have been used by the Mersey Docks and Harbour Board in 
each survey and the same longitudinal distances between them were used in the 
calculations. 

For each survey the soundings or levels along each cross-section were plotted 
and the areas of the sections were measured; in recent surveys the areas have 
been measured with a planimeter. 

From the areas of the cross-sections and the longitudinal distances between 
them the capacity of the Estuary has been calculated by the Mersey Docks and 
Harbour Board, using a modified form of Simpson’s Rule. The formula used is not 
entirely suitable for the purpose and the capacities found are rather more than 
one per cent. lower than the capacities calculated from the same data using a more 
appropriate formula. The calculated changes in capacity during various periods 
from 1861 to 1931 are, however, substantially the same whichever formula is used. 
The longitudinal distances between the cross-sections used in each survey by the 
Mersey Docks and Harbour Board do not agree with measurements made during 
the present investigation. If the re-measured distances are used in calculating 
the capacity of the Estuary, values about 3-5 per cent. lower than those of the 
Mersey Docks and Harbour Board are obtained. The percentage differences 
between the capacities in successive surveys, however, are again not significantly 
different from those obtained by the Mersey Docks and Harbour Board. 

During the present investigation replicate measurements of the area of a 
typical cross-section of the Upper Estuary were made. The difference in area 
found in duplicate determinations on any one day did not exceed 0-6 per cent. of the 
total area. The volume of a small compartment of the Estuary was also measured 
and compared with the volume found by the Mersey Docks and Harbour Board from 
a similar survey carried out at the same time; the difference between the two 
values was about 0-2 per cent. of the volume of the compartment. 

In view of the uncertainty regarding the values of the longitudinal distances 
between the cross-sections used by the Mersey Docksand Harbour Board the capacity 
of the Upper Estuary has been computed during the present investigation from 
the results of each survey by a method which does not involve the use of cross- 
sections. The results agree closely with those obtained by using the re-measured 
distances between sections and the more suitable form of Simpson’s Rule. 

The most doubtful value of the capacity of the Upper Estuary is that com- 
puted by the Mersey Docks and Harbour Board from the first survey made in 
1861. The chart of the Estuary for that year does not agree with the areas of the 
cross-sections obtained from the same original data. With this exception it is 
concluded that the figures obtained by the Mersey Docks and Harbour Board for 
the changes in the capacity of the Upper Estuary are substantially correct. 
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CHAPTER XXII 


PraGes IN THE CAPACITY OF THE UPPER ESTUARY AND IN THE 
POSITION OF BANKS AND CHANNELS 


The observed changes in the capacity of the Upper Estuary between Rock 
Light and Runcorn since 1861 were shown in Fig. 130 (Chapter XXI). Between 
1871 and 1886 the capacity increased by about 50 million cubic yards; the capacity 
in 1886 was the highest recorded. Between 1886 and 1891 there was a drop of over 
50 million cubic yards; between 1891 and 1906 the capacity again rose by rather 
more than 40 million cubic yards but during the period 1906 to 1926 it fell con- 
tinuously, over 50 million cubic yards being lost. The capacity in 1931 was about 
the same as in 1926. In the present Chapter an attempt is made to determine more 
exactly the areas and levels in the Estuary at which changes in capacity have 
occurred and to correlate these changes with the movements of the banks and 
channels in the Upper Estuary. 


DREDGING AND CONSTRUCTION OF WORKS 


Changes in capacity have to some extent been brought about by dredging 
and by the construction of works along the shores of the Estuary. The principal 
works constructed below the high water mark of a 31-ft. tide between 1861 and 
1931 were :— 

1861 to 1881. Alterations to Dock entrances and walls. 

1887 to 1894. The Manchester Ship Canal. 

1891 to 1896. The River Weaver diversion and slag embankment. 
1896 to 1901. Dock walls. 

1901 to 1906. Reclamation of Tranmere Foreshore. 

1906 to 1931. Dingle Embankment. 

1921 to 1931. Bromborough Dock. 

1926 to 1931. Otterspool (Aigburth) Promenade. 


The reduction in area of each cross-section affected by artificial abstractions 
has been measured by comparing the charts of the surveys before and after the 
alteration. The decrease in computed capacity has been obtained from the 
reductions in area of the cross-sections and from the distances between the section 
ends on that side of the Estuary where the reductions occurred. It is difficult 
to ascertain the exact levels to which shore works were built out into the Estuary, 
but it is certain that almost the whole of the abstractions occurred between the 
20-ft. contour and the high water mark. The reductions in capacity brought about 
by the building of the principal works on the shores of the Estuary are shown in 
Table 123, in which the volumes of material removed by dredging are also shown. 


TABLE 123—Artificial Works and Total Dredging above Rock Light during the Periods 
between Successive Surveys 




















Artificial Works Dredging 
Period. (millions of (millions of 
cu. yds.). cu. yds.). 
1861-1871 0:2 0 
1871-1881 0 0 
1881-1886 0 0 
1886-1891 4-2 0 
1891-1896 2°6 0-3 
1896-1901 0 3°3 
1901-1906 1-3 8-2 
1906-1911 0 11-3 
1911-1916 2:0 13-6 
1916-1921 0-1 13-8 
1921-1926 0-2 11-8 
1926-1931 3°6 11-7 
Total 14-7 74-0 








188 ESTUARY OF THE RIVER MERSEY 


The loss in capacity directly due to the construction of shore works between 
1871 and 1931 was approximately 14-5 million cubic yards or about 1-5 per cent. 
of the capacity of the Estuary in 1871. Between 1901 and 1931 when the reduction 
in the capacity of the Estuary was 41-2 million cubic yards, the volume lost by the 
building of shore works was about 7-7 million cubic yards or approximately 
18-7 per cent. of the total loss. The largest change in the volume due to artificial 
works was caused by the building of the Manchester Ship Canal which was begun 
in 1887 and was opened to traffic in 1894. For part of its length between Eastham 
and Runcorn theseaward bank of the Canal was built on the foreshore of the Estuary ; 
a large area of marsh covered by spring tides was cut off and a wall was built which 
cut off the estuary of the River Weaver from that of the Mersey. The effect of the 
building of the Manchester Ship Canal was complex. Part of the Estuary which 
was previously sounded, and the volume of which was included in that computed 
from surveys, was enclosed and the observed value of the capacity of the Estuary in 
subsequent surveys was thus lower by the volume cut off. The Manchester Ship 
Canal between Eastham and Latchford is however tidal; water flows into the 
Canal at Eastham on any tide rising to a height greater than 26 ft. 2 in. above 
Liverpool Bay Datum. The loss of tidal water was therefore smaller than that 
indicated by the change in capacity computed from the surveys. In addition to 
these changes the building of the Canal caused other alterations in the Estuary, the 
chief of these being the prevention of direct access of the Estuary water to the 
estuary of the River Weaver. The fresh water discharged by the River Weaver is 
now admitted to the Estuary of the Mersey through sluices but the scour caused by 
tidal water entering the Weaver has been lost. 


In recent years there has been a considerable amount of dredging between 
Rock Light and Eastham, this being necessary to keep open the approaches to 
docks and to the Manchester Ship Canal. The total amount of material removed 
from the Upper Estuary between 1891 and 1931 was about 74 million cubic yards 
giving a yearly average of about 1-9 million cubic yards (Table 123). The dredging 
is done by various Authorities and an estimate of the quantity removed can only 
be very rough since in most cases the volume is calculated from the draught of the 
dredger or hopper before and after loading. The greater part of the material removed 
by dredging is taken from the bed of the Estuary below the level of low water at 
spring tides and the change in the volume does not therefore directly affect the 
volume of tidal water passing into and out of the Estuary. The volume lost by the 
construction of shore works lies almost entirely between 20 feet above Liverpool 
Bay Datum and the high water mark, and the volume lost therefore directly 
affects the scouring capacity. In addition it is probable that over long periods the 
capacity is affected more by artificial works than by dredging. When the foreshore 
is built over, the area over which soundings are taken is permanently reduced; if 
the bed of the Estuary below low water mark is lowered by dredging it seems 
probable that the effect is temporary and that material from Liverpool Bay will 
move into the Upper Estuary and fill the holes made by dredging. 


CHANGES IN THE VOLUME OF DIFFERENT COMPARTMENTS 


In Fig. 131 are shown the changes in volume which occurred between 1871 and 
1931 in different compartments of the Upper Estuary. The first diagram gives the 
capacity of each compartment computed from the data obtained during the surveys ; 
in the second diagram the volume cut off from the Estuary by the building of shore 
works has been added to the observed capacity of the appropriate compartments 
during each succeeding survey. For the first two compartments (A and B), that is 
between Rock Light and Dingle and between Dingle and Mount Manisty, there was 
no net loss in capacity from 1871 to 1931 nor did any loss occur in' the fourth small 
compartment (D) between the River Weaver and Runcorn. Almost the whole 
of the total loss in capacity occurred in the third compartment (C) between Mount 
Manisty and the River Weaver. This compartment includes the greater part of 
the shallow and wide upper basin and it is in this area that almost the whole of the 
mud in the Upper Estuary is found. The proportion of the total loss in capacity 
in the Upper Estuary between Rock Light and Runcorn which occurred in each of 
the four compartments during the two periods 1871 to 1931 and 1906 to 1931 is 
shown in Table 124. Between 1871 and 1931 the loss which occurred between 
Mount Manisty and the Rtver Weaver (Sections 67A to 83) was nearly twice as 
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great as the total loss, the latter being reduced by gains in capacity in the com- 
partments between Dingle and Mount Manisty and between the Weaver and 
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Fic. 131—Changes in Capacity of Different Compartments of the Mersey Estuary between the 


Runcorn. 


Years 1871 and 1931 computed by Method of Horizontal Planes 


In the period between 1906 and 1931 there was a reduction in capacity 


in each of the four compartments considered, about half the loss occurring between 


Mount Manisty and the Weaver. 


The four compartments into which the Estuary 


TABLE 124—Changes in Capacity in Different Compartments of the Upper Estuary 
Periods 1871 to 1931 and 1906 to 1931 


























Change in capacity in each compartment (millions of cu. 
Total 1 yds.). In brackets: loss in capacity in each compartment as 
oe percentage of total loss. 
Period Tn ea ae 
: (millions 
of cu. yds.). Sections Sections Sections Sections 
0 to 47. 47 to 67A. 67A to 83. 83 to 100. 
1871 to 1931 13-6 0:8 10-0 26-1 3-3 
Loss Gain Loss Gain 
1906 to 1931 50:1 10-0 13-4 24-8 1.0 
Loss Loss Loss Loss 
(20-09%) (26-79) (49-59%) (389%) 











has been divided are of unequal size. 














The percentage of the capacity of each which 
has been lost during the two periods considered is shown in Table 125. During 
the period 1871 to 1931 there was an increase in capacity between sections 0 and 
67A but the compartment between Mount Manisty and the Weaver lost 10 per cent. 
of its 1871 capacity. Most of this loss occurred between 1906 and 1931. 
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TABLE 125—Changes in Capacity in Different Compartments of the Upper Estuary 
during the Periods 1871 to 1931 and 1906 to 1931 


Capacities by Method of Horizontal Planes 


Change in capacity of Change in capacity of 
compartment during period compartment during period 
1871 to 1931 1906 to 1931 
Gor par trae ii tere 
Sections Nos. (as a Bee (as a per- 
a centage o “17: centage of 
ee 2 capacity of ee : capacity of 
Pag? As © compartment ears compartment 
in 1871). in 1906). 
0 to 47 0-8 0-3 10-0 3-1 
Loss Loss Loss Loss 
47 to 67A 10-0 3:4 13-4 4-2 
Gain Gain Loss Loss 
67A to 83 26:1 10-2 24:8 9-7 
Loss Loss Loss Loss 
83 to 100 3°3 10:8 1-9 5:3 
Gain Gain Loss ’ Loss 





ACCRETION AND EROSION AT DIFFERENT LEVELS 


It was shown in Chapter XXI that the total volume of the Estuary computed 
by the method of horizontal planes agreed closely with the corresponding volumes 
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computed from the use of cross-sections. Since the method of horizontal planes 
appears to be reliable it has been used to calculate the changes which have occurred 
in the capacity of the Estuary at different levels; the results are given in Table 126. 
In this Table the calculated capacity has been included for the survey made in 1861, 
but since in this year the value obtained does not agree with the value obtained 
by the use of cross-sections the results have not been used for comparison with 
those of later surveys. The changes which occurred in the capacity between 
different levels from Rock Light to Runcorn during the period 1871 to 1931 are 
shown in Fig. 132. This information, with similar data for the period 1906 to 
1931, is also given in Table 127. Between 1871 and 1931 the greatest loss in 
capacity occurred between the levels 20 feet above Liverpool Bay Datum and high 
water mark, this loss amounting to approximately 11-3 million cubic yards. During 
this period, however, a volume of about 14:5 million cubic yards had beenabstracted 
by the building of shore works; if this volume is allowed for, there was a gain in 
capacity during the period of 3-2 million cubic yards between high water and the 
20-ft. contour. During the period 1906 to 1931 an apparent reduction in capacity 
of 10-1 million cubic yards between high water and the 20-ft. contour included a 
reduction of 5-8 million cubic yards due to building, the net reduction being thus 
4-3 million cubic yards. Between 1906 and 1931 the greatest loss in capacity 
occurred below Liverpool Bay Datum. 


TABLE 127—Changes in Capacity at Different Levels in the Upper Mersey Estuary 
between 1871 and 1931 and between 1906 and 1931 


Rock Light to Runcorn 

















Change in capacity between different 
Torito levels above Liverpool Bay Datum 
: at (millions of cu. yds.). 
Perea in capacity 
; (millions 
ofcu. yds). | Below | LBD.to| 10ft.to | 20 ft. to 
LBD: 10 ft. 20 ft. H.W. 
1871 to 1931 13-6 2*9 4-8 4-6 11-3 
Loss Gain Loss Loss 
1906 to 1931 50-1 22°5 SB 8:4 10-1 
Loss Loss Loss Loss 























The data on the changes in capacity at different positions in the Estuary during 
the period 1906 to 1931 are grouped in Table 128. In the first compartment, 
between Rock Light and Dingle, a large reduction in capacity occurred through the 
deposition of material in the deep water channel. In the second compartment, 


TABLE 128—Changes in Capacity during the Period 1906 to 1931 in Dafferent 
Compartments and at Different Levels in the Upper Mersey Estuary 


Capacities in Millions of Cu. Yds. Figures in Brackets do not include Losses due to Artificial Works 





























Height above Sections Sections Sections Sections ee 
(it). 0-47. 47-67A. 67A-83. 83-100. Pao 

20 to High Water Gain 1-1 Loss 1-9 Loss 8:6 Loss 0+7 Loss 10:1 
(Gain 1-2) (Gain 3-8) (Loss 4-3) 

10-20 Gain 1-1 Gain 0-2 Loss 8-4 Loss 1-3 Loss 8:4 

0-10 .. Fe Loss 0:2 Loss 2:7 Loss 6-3 Gain 0-1 Loss 9-1 
Below L.B.D. Loss 12-0 Loss 9-0 Loss 1°5 0 Loss 22:5 

Below High . 

Water (total) Loss 10:0 Loss 13-4 Loss 24-8 Loss 1:9 Loss 50:1 
(Loss 9-9) (Loss 7-7) (Loss 24-8) (Loss 1-9) (Loss 44-3) 
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between Dingle and Mount Manisty, the largest reduction also occurred below 
Liverpool Bay Datum, that is in channels which do not dry out at low water of a 
spring tide. In this compartment, however, there was also some loss between the 
0 and 10-ft. contours. The total reduction in the first two compartments amounted 
approximately to half the reduction in the whole of the Upper Estuary. In the 
third compartment between Mount Manisty and the Weaver Sluices occurred 
the greater part of the remaining loss in capacity, the loss being divided into three 
approximately equal parts due to deposition below the 10-ft. contour, between the 
10 and 20-ft. contours and between the 20-ft. level and the high water mark. 
In the Narrows (Sections 0—47) most of the bed lies below Liverpool Bay Datum. 
In passing from the Narrows to the head of the Estuary the area of the bed which is 
below Liverpool Bay Datum becomes smaller and is negligible in the compartment 
between the Weaver Sluices and Runcorn. In the third compartment, that is 
between Mount Manisty and the Weaver Sluices, the greater part of the bed lies 
between the 10 and 20-ft. contours, and a considerable area is above 20 feet. The 
extent of the deposition of new material at different levels in the Estuary may be 
considered by comparing the loss in capacity between different horizontal planes 
with the area of the bed between those planes. This has been done for the period 
1906 to 1931 and the results are shown in Table 129. During the period considered 


TABLE 129—A cccretion per Unit Area between 1906 and 1931 between Rock Light and 
Runcorn Bridge at Different Levels 


Adjustments for Artificial Works Included 
































Loss between . 

Levels BUG anG) 1a) Penstete I 
(millions of ds.) Area 

cu. yds.). a Set (yds.). 
Below L.B.D. ae 22°5 25-6 0-88 
ele to 10 it. 2 9-1 22:5 0-40 
10 ft. to 20 ft. op 8-4 29-0 0-29 
20 ft. to H.W. ae 4-3 212 0-20 
Total a 44-3 98-3 0-45 














the loss in capacity of the Estuary was equivalent to the deposition of material 
over the whole of the bed to a depth of 0-45 yds. (about 1 ft. 4 1n.). Below 
Liverpool Bay Datum, however, the deposition per sq. yd. of surface was more 
than four times as great as in the area above the 20-ft. contour, the extent of the 
deposition being intermediate for the intermediate levels. 


The surface of almost the whole area of mud banks in the Estuary lies between 
the 20-ft. contour and the high water mark, the greater part of the mud occurring 
along the Cheshire shore in the compartment between Mount Manisty and the 
Weaver Sluices. Small areas of mud occur below Liverpool Bay Datum seaward 
of Mount Manisty, but the quantity of mud is insignificant by comparison with 
the main mud bank. In general the bed of the channels which do not dry out at 
low water, together with the surface of the inter-tidal banks up to a height of 20 
ft. above Liverpool Bay Datum consist of sand. The loss in capacity between 
1906 and 1931 at different levels in each compartment is known and the nature of 
the bottom has been determined. The approximate losses in capacity over areas 
with a bed composed of sand, mud and a mixture of the two are as follows (Table 
130). The reduction in capacity in areas with a bottom of sand or of sand contain- 
ing a little mud was nearly five times as great as over areas in which the bottom is 
mud. The true loss in capacity due to the deposition of mud is moreover con- 
siderably less than is indicated in Table 130, since in the loss of 8-6 million cu. yds. 
over “ areas now covered with mud ”’ is included the greater part of a loss of 5-9 
million cu. yds. due to the building of shore works above the 20-ft. contour. 
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TABLE 130—A pproximate Loss in Capacity between 1906 and 1931 over Areas in the 
Upper Mersey Estuary with Different Types of Bed 


Nature of the bed of Loss of capacity between 1906 and 
the Estuary. 1931 (millions of cu. yds.). 





Mud . 
(Part of this loss is due to artificial works) 
Sand with a little mud 


Sands =, . 31-0 





The change in capacity of the Upper Estuary between 1906 and 1931 has thus 
been due to the deposition of fresh material over the whole bed of the Estuary, 
the extent of the deposition being greatest in the deepest parts of the Estuary. 
The bulk of the material deposited appears to be sand. 


CHANGES IN THE VOLUME OF INTER-TIDAL WATER 


An extraordinary spring tide in the Mersey rises at Prince’s Pier from a height 
of approximately 0 ft. to approximately 31 ft. above Liverpool Bay Datum, the 
corresponding heights for an extraordinary neap being 10 and 20 ft. The water 
which passes in and out of the Upper Estuary during the flood and ebb is available 
for scouring the channels seaward of the Narrows. The approximate changes 
which have occurred in the volume of tidal water during the periods 1871 to 1931 
and 1906 to 1931, computed by the method of horizontal planes, are shown in 
Table 131. Between 1871 and 1931 the loss in the volume of tidal water at 


TABLE 131—Changes in the Volume ot Inter-Tidal Water entering the Upper Mersey 
Estuary during the Periods 1871 to 1931 and 1906 to 1931 























Springs; L.B.D. | Neaps; 10 to 
to H.W. 20 ft. above 
(millions of L.B.D. (millions 
cus yen. of cu. yds.). 
Volume of inter-tidal water in 1931 - 694-1 21129 
Change in volume between 1871 and 1931 11-0 loss 4-6 loss 
Change in volume between 1906 and 1931 27-8 loss 8-6 loss 








extraordinary springs was about 1-6 per cent. of the 1931 volume, the correspondin 
loss for extraordinary neaps being 2-2 per cent. During the period 1906 to 1931 
there was a reduction of approximately 4 per cent. in the volume of tidal water 
entering both at springs and at neaps. 


CHANGES IN THE AREA AND POSITION OF INTER-TIDAL BANKS 


Almost the whole of the mud in the Upper Estuary is now contained in 
banks the surfaces of which lie at a height of more than 20 ft. above L.B.D. No 
information is available on the nature of similar banks in earlier years, but it is 
likely that the mud in the Estuary has always been deposited on the highest 
banks where the velocity of the tidal stream is comparatively low. The position 
of the 20-ft. contour since 1861 can be obtained from the surveys made by the 
Mersey Docks and Harbour Board; the changes which have taken place in the 
distribution of the banks lying above 20 ft. are shown in Fig. 133. The areas 
in black in this figure represent the banks rising to a level of 20 ft. or more above 
L.B.D. Since at high water the tide rises to a greater height above Datum near 
the head of the Estuary than in the Narrows, 20-ft. banks at the seaward end 
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of the Estuary are at a somewhat greater height relative to the height of high 
water than are 20-ft. banks at Runcorn. This difference is, however, compara- 
tively small, amounting to 1 ft. 5 in. at springs and 8 in. at neaps between Eastham 
and Runcorn. 





Fic. 133—Areas of Banks rising to 20 ft. or more above Liverpool Bay Datum in the Upper 
Estuary of the Mersey from 1861 to 1931 


From Surveys made by the Mersey Docks and Harbour Board 


The survey for 1931 shows that the greater part of the banks lying above the 
20-ft. contour adjoined the Cheshire shore between Mt. Manisty and the Weaver 
Sluices; this area in 1931 consisted almost entirely of mud. Since 1861 there 
has always been a high bank in a similar position, but its area has fluctuated from 
time to time. It is probable that the changes in the position of the upper end of 
this bank were influenced by the closing of the River Weaver Estuary between 
1886 and 1891. Another feature of the series of diagrams is the periodic appearance 
and disappearance of a bank above the 20-ft. contour in Dungeon Bay on the 
Lancashire side of the Estuary. There is now an extensive bank in this position, 
but it lies below the 20-ft. contour and is composed almost entirely of sand. Along 
the shore of Dungeon Bay there is, however, the remains of a mud fret and the mud 
is similar in appearance and composition to that now found on the Stanlow Bank. 
It is likely that the Dungeon Bank was capped with mud at the times when its 
height was higher than the 20-ft. contour. 7 
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The areas of banks between Dingle and Runcorn during the period 1861 
to 1931 are shown in Curve B of Fig. 134, and the corresponding areas of those 
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CAPACITY OF UPPER ESTUARY 
(MILLIONS OF CU. YOS.) 


AREA OF BANKS OVER 20 
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AREA OF BANKS ON CHESHIRE SHORE 
OVER 20 FT. IN HEIGHT. (SQ. MILES.) 
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Curves: A. Volume of Estuary between Sections 0 and 100. (Scale reversed). 
B. Total area of Banks over 20 ft. above L.B.D. 
C. Area of Banks over 20 ft. above L.B.D. on Cheshire Shore. 


Fic. 134—Relation between the Areas of Inter-Tidal Banks with Heights of more than 
20 ft. above Liverpool Bay Datum and the Volume of the Mersey Estuary 
parts of the banks attached to the Cheshire shore are shown in Curve C. The 
changes in the area of the high banks may be compared with the changes which 
have occurred in the capacity of the Upper Estuary shown in Curve A. 

The total area of banks above the 20-ft. contour was at a maximum in 1871, 
when there were extensive banks both on the Cheshire shore and in Dungeon Bay. 
By 1881 the height of the bank in Dungeon Bay had everywhere been reduced 
to a level below the 20-ft. contour, and the total area of 20-ft. banks in this year 
was the minimum recorded during the series of surveys. During the period 1881 
to 1931 the total area increased until in 1931 it was approximately the same as 
in 1871. It will be seen, however, that between 1861 and 1931, though fluctuations 
occurred from time to time, the area of banks attached to the Cheshire shore and 


TABLE 132—Relative Area of Banks more than 20 ft. above Liverpool Bay Datum 
adjoining the Cheshire Shore and in the Remainder of the Upper Mersey Estuary 


Area of banks over 20 ft. in height on | 
ear. Cheshire shore as a percentage of 
total area of similar banks. 


1861 48 
1881 73 
isul 85 
1906 61 
1916 81 








1931 87 





a 
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lying above the 20-ft. contour increased. The proportion of the total area of 20-ft. 
banks represented by the banks attached to the Cheshire shore is given for a number 
of surveys in Table 132. The proportion rose sharply from 1861 to 1891, in 
which year there was no bank above the 20-ft. contour in Dungeon Bay; it fell 
again during the period 1891 to 1906, when the high bank in Dungeon Bay again 
developed, and between 1906 and 1931 it increased since during this period 
there was again no 20-ft. bank on the Lancashire side. The figures suggest that 
there is a periodic development and disappearance of the bank in Dungeon Bay, 
but that on the whole there has been a tendency for the main part of the banks 
lying above the 20-ft. contour to become concentrated on the Cheshire side. 


If curves A and B in Fig. 134 are compared, it will be seen that there is a general 
relation between the area of banks above the 20-ft. contour and the capacity of 
the Upper Estuary, a decrease in capacity being accompanied by an increase in 
the area of high banks. It has been shown that the deposition of material near 
the high water mark which would increase the area above the 20-ft. contour is 
in general accompanied by deposition over the whole bed of the Estuary, the 
deposition being greatest below L.B.D. An increase in the area of 20-ft. banks 
is, therefore, probably an indication of a general increase in the deposition of 
material throughout the Estuary. 


An attempt has been made to measure the stability of the high banks in the 
Estuary during the period for which surveys are available. For this purpose, 
tracings of consecutive surveys were superimposed and the area common to the 
two surveys was measured by planimeter. This area, expressed as a percentage 
of the total area of banks above the 20-ft. contour present in the earlier of the 
two surveys considered, has been taken as a measure of the stability of the banks. 
The extreme values of this quantity would occur it the whole of the 20-ft. banks 
present during one survey had disappeared by the succeeding survey, when the 
percentage of stability would be 0, and if none of the 20-ft. banks present in one 
survey had been eroded during the period before the next survey when a value of 
100 per cent. for the stability would be given. The changes expressed in this 
way are shown in Fig. 135. The greatest changes in the distribution of 20-it. 
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STABILITY OF BANKS (PER CENT.) 


1880 1900 1920 1940 
YEAR. 
Area common to the two surveys 
Stability of 20-ft. banks from one Survey to the next = 7otar area in first survey x 100. 
Fic. 185—Stability of the Banks in the Upper Estuary with Heights greater than 
20 ft. above Liverpool Bay Datum 





banks occurred during the period 1891 to 1896. Between this time and the period 
1916 to 1921 the stability of the banks increased, but from 1921 to 1931 there was 
a sudden decrease in stability. 


CHANNEL MOVEMENTS 


It is possible that changes in the capacity of the Upper Estuary may be 
correlated with the extent to which the main channel running between the sand 
and mud banks altered in position during different periods, and an attempt has 
been made to measure the extent of the channel movement during the period for 
which surveys are available. The main channel, between the upper limit of Liver- 
pool Harbour, near Eastham, and Runcorn Railway Bridge, was surveyed and 
buoyed by the Bridgewater Canal Trust from 1867 to 1876 and since 1876 these 
duties have been carried out by the Upper Mersey Navigation Commission. Records 
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are available which show the position of the main channel for each month from 
1867. Information received from the Upper Mersey Navigation Commission 
shows that before 1920 the position of the channel buoys was fixed by compass 
bearings, transits and linear measurements, but that since 1920 the positions have 
been fixed by sextant angles. It is known that the main channel may change 
its course either by erosion of one of its banks or by occupying and deepening a 
subsidiary channel; examples of both these processes have been observed during 
the present investigation. The larger movements usually take place by the 
occupation of an alternative channel. This frequently occurs for example in 
Dungeon Bay where there are usually two channels, one near the shore and the 
other cutting across the Bay; the channel which happens to be the deeper at any 
time is buoyed and used for navigation. 

The centre lines of the buoyed channels were first traced from the original 
monthly charts, and the areas contained between successive channel tracks were 
measured by planimeter, allowance being made for any difference in scale in the 
charts. 

In the second method a grid of squares was constructed to cover that part of 
the Estuary between Eastham Ferry and Hale Head, a second grid of smaller 
squares being used to cover the small area between Hale Head and Runcorn 
Railway Bridge. The tracings showing the original tracks were laid on the grid 
and a mark was given to each square for each monthly occasion on which the 
buoyed channel passed through it. In this way, annual charts were made showing 
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Fic. 136—Stability of the Main Channel through the Upper Mersey Estuary during the Period 
1887 to 1936. Garston to Hale Head 
The diagrams show the number of months during which the channel passed through each square as a 
percentage of the total number of months in the period 
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the squares through which the channel had passed and giving for each square the 
number of months in the year for which the channel had passed through it. The 
number of months in which the channel had passed through a given square, 
expressed as a percentage of the total number of months in the period, has been 
calculated. The results obtained are illustrated in Figs. 186 and 137. In the 
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Fic. 137—Stability of the Main Channel through the Upper Mersey Estuary during the Period 
1867 to 1936. Hale Head to Runcorn Bridge 


The diagrams show the number of months during which the channel passed through 
each square as a percentage of the total number of months in the period 


first period from 1867 to 1876, the main channel was near the Lancashire coast at 
Garston and flowed to Stanlow; the lateral movements in this part of its course 
were relatively small. The channel then flowed in a less well defined course to Hale 
Head, avoiding the Cheshire shore between Ince and the River Weaver. Above 
Hale Head the channel flowed mainly along the Cheshire coast. In the second 
period between 1876 and 1891, the channel moved over to the Lancashire coast 
between Garston and Hale, some erosion of the banks between Ince and the River 
Weaver occurring. It was at this time that the Manchester Ship Canal was com- 
pleted, the Weaver Estuary being cut off about the year 1891. In the third period 
between 1892 and 1908 the channel sometimes entered the shallow upper reaches 
from the Lancashire side and sometimes from the Cheshire side and its course to 
Hale was very indeterminate; above Hale, however, the channel became increas- 
ingly stabilised along the Lancashire shore. During the period 1909 to 1925 the 
channel showed still greater instability seaward of Dungeon Point but there was a 
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tendency for it to occupy the inshore channel in Dungeon Bay; from Hale Head to 
Runcorn the channel was almost completely stabilised on the Lancashire side 
where it has since remained. In the periods 1926 to 1931 and 1932 to 1936, the 
course of the main channel became increasingly more stabilised between Eastham 
and Dungeon Point, avoiding the shore banks between Stanlow and the Weaver 
Sluices. 

The diagrams in Figs. 136 and 137, while showing the main changes in position 
which have occurred in different periods, do not indicate the extent of small lateral 
movements of the main channel. An attempt to express these movements 
quantitatively is shown in Fig. 138. In Diagram A is plotted the average area, 
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Fic. 1388—The Movements of the Main Channel in the Upper Mersey Estuary during the Period 1867 
to 1931 compared with the Rainfall over the Mersey Catchment Area and the Capacity of 
the Estuary (Sections 0 to 100) 


computed from monthly charts, over which the channel moved annually during 
the period between two successive determinations of the capacity of the Upper 
Estuary. The curve shows that this area remained reasonably constant from 1871 
to 1916 but has steadily increased since that date. This increase is due to a large 
number of relatively small movements rather than to infrequent but large changes 
in the position of the channel. The changes which have occurred in the stability 
of the channel are shown in,another way in Diagram B. This diagram has been 
prepared from figures of the type given in Figs. 136 and 137, in which was shown 
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the percentage of the total possible number of occasions on which squares were 
occupied by the channel. If the percentages for each square are added together 
and divided by the total number of squares through which the channel had passed 
during each period, the values for the stability of the channel shown in Diagram B 
are obtained. The values obtained in this way minimise the effect of large move- 
ments in which the channel suddenly occupies an alternative bed. In Diagram C, 
Fig. 138, is shown another estimate of the stability of the channel, the ordinates 
representing the total number of squares through which the channel passed during 
each period. The three curves A, B and C are similar in their general shape and 
show that the stability of the channel decreased between 1916 and 1931. This 
decrease was due to the more frequent movement of the channel through relatively 
short distances rather than to the large changes in position which occurred in 
earlier years. 


In Diagram D, Fig. 138, is shown the average annual rainfall over the Mersey 
catchment area, during the periods between successive determinations of the 
capacity of the Upper Estuary. The rainfall figures are the unweighted means of - 
the values from the following stations selected on the advice of the Meteorological 
Office of the Air Ministry :—Nantwich, Rawtenstall, Congleton, Fairfield, North- 
wich, Runcorn, Oldham, Whaley Bridge, Arnfield Reservoir. The curve is of the 
same general shape as the curves showing the stability of the channel and indicates 
that the decrease in stability between 1916 and 1931 occurred during a time when 
the rainfall was increasing from one 5-yearly period to the next. The data are 
inadequate to show whether there is a real connection between the rainfall in the 
Mersey area and the extent of the channel movements, but the curves suggest that 
increased rainfall may lead to a decrease in the stability of the channel. 


In Diagram E, Fig. 138, are shown the changes observed by the Mersey Docks 
and Harbour Board in the capacity of the Upper Estuary. The most consistent 
feature of this curve is the continued decrease in capacity between 1906 and 1931. 
During the greater part of this period the stability of the channel was decreasing, 
that is to say that accretion in the Upper Estuary was occurring during a period 
in which movements of the channel were becoming more frequent. 


In Fig. 139 is shown the relative extent of the movements of the channel 
in the Upper Estuary in different months of the year during the period 1867 to 
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Fic. 139—Average Monthly Movement of the Main Channel in the Upper Mersey 
Estuary during the Period 1867 to 1931 
The average movement in any month ts the mean for 64 years 


1931. The figures were obtained by averaging the movements in each month 
throughout the period. There is a well marked periodicity in the migration of the 
channel, the maximum movements occurring during the winter months. 


DREDGING IN THE SEA CHANNELS 


The Mersey Docks and Harbour Board carry out frequent surveys of the 
navigable channels in Liverpool Bay and at longer intervals survey the whole of 
the area of the Bay including the inter-tidal banks. It is, however, a matter of 


202 ESTUARY OF THE RIVER MERSEY 


great difficulty to determine the changes which have occurred in the capacity of 
the Bay since, though bounded on two sides by the Lancashire and Cheshire coasts, 
it is open to the sea. The Bay has, therefore, no well-defined limits, and it is 
probable that there is a continuous interchange of sand and other material between 
it and the area lying outside it. In addition, the depth of the main channel and 
the positions of the banks in the Bay have been considerably altered by dredging 
and by the building of training walls and revetments. The total weight of material 
dredged from the sea channels between 1891 and 1932 was approximately 475 
million tons. The greater part of the dredged material is taken from the main 
channel and deposited in the Liverpool Bay area some miles from the position 
of dredging; the material is thus not removed from the Estuary system and a 
considerable part of it probably remains in the Bay. In Table 133 are shown the 
weight and approximate volume of material dredged, with the reduction in depth 
which this would represent if the dredging had been carried on uniformly over the 
whole area of the Estuary. Between 1891 and 1932 the volume dredged from the 
sea channels was equivalent to a layer which if spread over the Upper Estuary 
would have had a depth of nearly 5 ft. 


TABLE 133—Amount of Dredging in the Mersey Estuary, Reduction in Capacity 
of the Upper Estuary and Average Change in Level over the Area of the Estuary 
calculated from these Amounts 








Calculated change in the mean level 
represented by the amounts in Col. A. 
Amount Over the 
drpennt | (mations | Over fie | Over Oe) aret 
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of tons). (A the Upper | the Outer of ake 
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(36 sq. (70 sq. y 
; : (106 sq. 
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it past: ft) Sine tt. * ig: 
Reduction in capacity of the 
Upper Estuary between 1906 
| and1931_ .. tie oe -H 51:7 Lip Wage 0 6 
| Amount of dredging in the sea 
channels between 1906 and 
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AREA OF INTER-TIDAL BANKS IN LIVERPOOL BAY 


In Fig. 140 are shown the positions of the channels and the inter-tidal banks 
in Liverpool Bay at various times between 1866 and 1931; the same navigable 
channel has been used throughout this period. In 1891 dredging on the Bar was 
begun, and has been continued since that date; dredging in the Queen’s and Crosby 
Channels was begun in the years 1894 and 1896, respectively. Between 1891 
and 1900 the depth of water over the Bar had been increased from about 10 ft. 
to between 25 and 30 ft., and this depth has in general been maintained up to the 
present time. There is, héwever, no obvious correlation between the depth of 
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the sea channels and the amount of dredging carried out in any year. During 
the period 1866 to 1935 some reduction in the area of the sand banks in the Bay 
lying above Liverpool Bay Datum seems to have occurred (Table 134). 


TABLE 134—Area of Banks above Liverpool Bay Datum in Liverpool Bay during the 
Period 1866 to 1935 


(The Same Arbitrary Limits to the Bay for Each Year) 





Year. Area of banks (sq. miles). 
1866 ns * 25°9 
1877 Re e 27° 
1889 ie fe 25°4 
1913 Es as 22°5 
1921 - a 22°5 
1926 - a 20-4 
1928 - a 20-1 
1929 ae re 21-0 
1930 . = 22-1 
1931 A ert 22-0 
1933 - Fue 22+ 1 
1934 bs es 20-7 
1935 aA she Z1°6 








- In the areas in Table 134 are included the banks lying within the arbitrary 
limits shown in the 1931 chart in Fig. 140. As Liverpool Bay is open to the sea 
and large artificial alterations have been made in the Bay, it is difficult to trace 
any direct correlation between the fluctuations in the capacity of the Bay and of 
the Upper Estuary. 


SUMMARY 


During the period 1871 to 1931 a volume of nearly 15 million cubic yards was 
cut off from the Upper Estuary by the construction of works on the foreshore. 
In the same period a volume of about 74 million cubic yards was removed by 
dredging from the deeper parts of the Upper Estuary. 

In the periods 1871 to 1931 and 1906 to 1931 the capacity of the Upper Estuary 
between Rock Light and Runcorn, which is between 900 and 1,000 million cubic 
yards, decreased by 13-6 and by 50-1 million cubic yards. In both periods the 
greatest losses occurred in the compartment between Mount Manisty and the 
River Weaver; here the reduction in each period amounted to about 10 per cent. 
of the total volume of this compartment. Part of the loss in capacity between the 
high water mark and a height of 20 ft. above Bay Datum was due to the construc- 
tion of shore works which were built mainly between these levels. If allowance 
is made for these artificial changes, the following reductions in capacity occurred 
between 1906 and 1931 at different levels in the Estuary :— 


Below Bay Datum ... 22-5 million cubic yards. 


Oto 10 ft. above Bay Datum — i oe ew ¥ . . 
foto it. ,; 4 eet: = os) Ee, s . » 
20 ft. above Bay Datum to High Water .. 4:3 i‘ 3 “A 


These losses in capacity are equivalent to the uniform deposition of fresh 
material to the following depths :— 


Below Bay Datum .. oe oo 0-88 yard. 
0 to 10 ft. above Bay Datum ... mca, 
mata. 20 it: ;, gl ee 


90 ft. above Bay Datum to High Water .. 0-20 _,, 


Most of the mud at present in the Upper Estuary occurs in banks the surfaces 
of which lie at more than 20 ft. above Bay Datum. It is estimated that of the 
reduction in capacity between 1906 and 1931, about 62 per cent. occurred through 
the deposition of material over areas where the bed is now composed of sand, 21 per 
cent. in areas in which the bed is of sand mixed with a little mud, and 17 per cent. by 
deposition over mud banks. The last value of 17 per cent. includes the greater part 
of the reduction in capacity due to the construction of works on the foreshore and 
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the true reduction brought about by the deposition of mud was thus considerably 
lower than 17 per cent. of the total reduction of 50-1 million cubic yards during 
the period 1906 to 1931. 

The losses in capacity of the Upper Estuary represent a reduction in the tidal 
volume of about 1-6 per cent. at springs and 2-2 per cent. at neaps during the 
period 1871 to 1931, and a reduction of approximately 4 per cent. at both springs 
and neaps during the period 1906 to 1931. 

A reduction in capacity of the Estuary by the deposition of material over the 
whole bed leads to an increase in the area of inter-tidal banks of a height greater 
than 20 ft. above Bay Datum. The surface of these high banks now consists mainly 
of mud. A large proportion of their area is represented by the Stanlow Bank which 
adjoins the Cheshire shore between Mount Manisty and the Weaver Sluices. At 
some periods there has also been a bank more than 20 ft. above Bay Datum in 
Dungeon Bay on the Lancashire side of the Estuary. From 1906 to 1931 the area 
of the Stanlow Bank relative to the total area of banks 20 ft. above Bay Datum has 
increased. An estimate of the relative stability at different periods of the banks 
lying above the 20-ft. contour has been made by measuring from charts of the 
Estuary the changes in the banks during each quinquennial period. From 1896 to 
1921 the stability of the banks above the 20-ft. contour increased, but from 1921 to 
1931 there was a decrease in stability. 

The main channel in the Upper Estuary frequently changes its course, either by 
erosion of its banks or by occupying another channel. An estimate has been 
made by several methods of the extent to which these movements occurred during 
the period 1867 to 1936. Up to the year 1925 the main channel entered the upper 
basin from the Narrows sometimes on the Lancashire side and sometimes on the 
Cheshire side; since 1926 it has flowed near Eastham close to the Cheshire shore. 
Between Hale Head and Runcorn the channel up to the year 1909 frequently 
altered its course, but since then it has usually remained close to the Lancashire 
shore. The total movement of the main channel has increased since the year 1916. 
This increase was due to a large number of small movements of the channel rather 
than to occasional large movements. The increased movement of the channel after 
1916 occurred during a period of relatively heavy rainfall in the Mersey catchment 
area. During the same period the capacity of the Estuary decreased. The move- 
ments of the channel occurred mainly during the winter months. 

During the period 1866 to 1935 the area of inter-tidal banks in Liverpool Bay 
decreased from about 26 to 22 square miles. 
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APPENDIX I 


ANALYTICAL METHODS 


ESTUARINE DEPOSITS, SEWAGE SLUDGE AND OTHER SOLID MATTER 

Motsture 

About 100 gm. of wet mud were dried to constant weight at 105° C., and the 
loss in weight was determined. 
Organic Carbon 

To a known weight (0:2—41-0 gm.) of the sample (not previously dried) 
150 ml. of concentrated sulphuric acid were added. The mixture was aspirated 
for 30 min. with air free from carbon dioxide, to remove chlorides and carbonates : 
10 ml. of a saturated aqueous solution of chromium trioxide were added and the 
mixture was heated sufficiently to maintain steady gas evolution. The gas was 
scrubbed with dilute potassium iodide or with saturated ferrous sulphate solution 
to remove hydrogen chloride and free chlorine; it was then passed through a 
measured volume of standard baryta. Excess baryta was determined by titration 
with N/6 or N/60 hydrochloric acid using phenolphthalein as indicator. For small 
amounts of carbon the absorption tube was swept free from carbon dioxide while 
it was being filled and also during the titration of the excess baryta. 


Kyeldahl Nitrogen 

A known weight (0-2— 1-0 gm.) of the sample (not previously dried) was 
digested with 3 ml. of concentrated sulphuric acid until colourless. Hydrogen 
peroxide (perhydrol) was sometimes added towards the end of the digestion period. 
The digest was diluted, transferred to the distillation apparatus (Parnas-Wagner), 
rendered alkaline with a 40 per cent. solution of sodium hydroxide and steam- 
distilled. The distillate was collected in N/70 sulphuric acid; excess acid was 
determined after boiling by titration to methyl red with N/140 sodium hydroxide. 


Sulphide Sulphur ; 

10 gm. of wet mud were acidified with excess 10 per cent. solution of phosphoric 
acid and the mixture was aspirated with air for one hour. Hydrogen sulphide 
was trapped by scrubbing the gas with a 2 per cent. solution of cadmium acetate. 
The precipitated cadmium sulphide was coagulated by heating on a water bath, 
filtered through a small Gooch crucible packed with asbestos, and washed with 
hot water. The precipitate was transferred to a flask containing standard iodine 
solution and dilute sulphuric acid was added. After standing for 20 minutes the 
excess iodine was titrated with standard thiosulphate. 


Total and Sulphate Sulphur 

The total sulphur in mud was determined by oxidising all forms of sulphur 
to sulphate with hot concentrated nitric acid and potassium chlorate solution. 
Sulphate sulphur was determined in the residue left from the determination of 
sulphide sulphur. The residue was filtered and the filtrate was precipitated with 
barium chloride by the usual method. The elementary sulphur remaining in the 
sample after the removal of sulphide and sulphate was oxidised, usually with 
sodium peroxide, and determined as sulphate. 


Loss on Ignition 
The weighed sample (dried at 105° C.) was ignited in a muffle furnace and the 
loss in weight was determined. 


Ivon 

1 to 2 gm. of dried mud were mixed with an equal weight of sodium peroxide 
in a nickel crucible and heated, cautiously at first, until oxidation was complete. 
The mixture was acidified with 10 per cent. hydrochloric acid, dried on the water 
bath and again extracted with 10 per cent. hydrochloric acid and filtered. The 
filtrate was titrated in the cold with standard titanous chloride solution, using 
ammonium thiocyanate as indicator. The titanous chloride solution used was 
kept out of contact with the air and was standardised on each occasion against 
a standard ferric chloride solution. 
Silica 

A mixture of 1-2 gm. of dried mud and 10 gm. of sodium carbonate was fusedin a 
platinum crucible. The fused mass was acidified with 10 per cent. hydrochloric 
acid, dried on the water bath and heated overnight at 110°-120°C. It was then 


206 ESTUARY OF THE RIVER MERSEY 


extracted with 10 per cent. hydrochloric acid, filtered and washed. The silica 
remaining on the filter paper was dried at 105°C., transferred to a weighed crucible, 
ignited, cooled and weighed. 


Sesquioxides ' 

The filtrate from the determination of silica was neutralised with ammonia and 
heated nearly to boiling. The liquid was then made alkaline with ammonia and 
boiled for about two minutes. The precipitate was filtered, washed with 2:5 per 
cent.ammonium nitrate solution and partially dried, when it could be transferred 
from the filter paper to a weighed crucible; it was then ignited, cooled and weighed. 
The ignited precipitate consisted mainly of ferric oxide and alumina and contained 
a small amount of other substances including phosphates. In a sample of mud, the 
content of aluminium oxide is approximately the difference between the contents 
of sesquioxides and ferric oxide. 


Calcvum 

The filtrate from the determination of sesquioxides was evaporated to a small 
bulk, and boiling ammonium oxalate solution was added. The liquid was main- 
tained at the boiling point for some hours and was then filtered through paper. 
After washing the precipitate, the base of the filter was punctured and the 
precipitate was washed into a beaker. It was treated with dilute sulphuric acid 
and warmed to about 60°C. and the liberated oxalic acid was titrated with standard 
permanganate. 


Magnesium 

The filtrate from the determination of calcium was boiled and a solution of 
sodium ammonium phosphate was added. The precipitate of magnesium ammon- 
ium phosphate was filtered through a weighed Gooch crucible packed with asbestos, 
washed and dried. After ignition,the precipitate was weighed as magnesium 
pyrophosphate. 


Phosphate’ 

10 gm. of dried mud were heated with 50 ml. of fuming nitric acid for several 
hours, when the residual solids were filtered off. The filtrate was heated to 80° to 
90°C. and 10 ml. of molybdate reagent were added. The precipitate of ammonium 
phosphomolybdate was filtered through a weighed Gooch crucible, washed with 
2 per cent. ammonium nitrate, dried and weighed. 


Petroleum Ether Extractives 

30 gm. of dried mud were acidified with dilute hydrochloric acid and dried on a 
water bath. The dried mud was ground, transferred to a Soxhlet thimble and 
extracted in a Soxhlet apparatus with petroleum ether (B.P. 40° to 60°C.). The 
petroleum ether was removed from the extract by distillation. Sulphur was 
largely removed from the residue by shaking with a small quantity of petroleum 
ether and decanting the ether from the undissolved sulphur. The ether was then 
evaporated and the residue weighed. 


ESTUARINE, SEA AND FRESH WATER, SEWAGE, TANNERY EFFLUENTS, 
AND SUSPENSIONS 
Salinity 
_ Chlorides were determined by titration of a 10 ml. sample with standard silver 
nitrate using potassium chromate as indicator. From the concentration of chloride 
the salinity value was obtained from Knudsen’s Tables‘. 


Dissolved Oxygen 

The samples were taken with a displacement sampler. The dissolved oxygen 
content was determined by the method of Winkler, using the Rideal-Stewart 
modification). ) 


Biochemical Oxygen Demand 

Determinations were made with suspensions of mud in sea and tap water 
and with samples of estuary water. If suspensions containing mud were stored in 
an incubator replicate values of the B.O.D. of the samples frequently varied 
considerably. During incubation the mud settles and so is partly taken out of 
contact with the water containing the dissolved oxygen. More concordant results 
were obtained when the stoppered bottles containing the suspensions were over- 
turned at intervals of aboyt one minute by means of a mechanical device. If 
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the bottles were placed in racks attached to a slowly rotating wheel with a hori- 
zontal axis, the mud was prevented from settling and satisfactory replicate values 
were obtained. The determinations of dissolved oxygen in this test were made as 
already indicated. 


Free and Saline Ammonia 
The sample of water was distilled in the presence of sodium carbonate, the 
ammonia in the distillate being estimated colorimetrically by Nessler’s reagent™. 


pH Value 

pH values were determined colorimetrically, the colours being matched in a 
Hellige comparator. No corrections were made for the effect of salt; corrections 
of this kind would not affect the results by more than 0-2. 


Suspended Matter 

100 ml. of the sample were allowed to stand overnight, the sediment was 
collected on a weighed Gooch crucible, dried at 105° C., washed free from chlorides, 
dried and weighed. 


Oxygen Consumed from Potassium Dichromate : 

The dried and weighed suspended matter was transferred with the asbestos 
pad to a 50-ml. flask. Equal volumes of N/8 potassium dichromate and concen- 
trated sulphuric acid were added. The asbestos pad was broken up by shaking 
the flask which was then heated at 100° C. for three hours in an oven. After 
cooling the contents of the flask were washed into a larger flask with 50 ml. of 
distilled water to reduce the concentration of sulphuric acid and 2 ml. of saturated 
potassium iodide were added; the liquid was allowed to stand for five minutes, 
and was then titrated with N/8 sodium thiosulphate solution. Starch was used 
as an indicator. 


Organic Carbon and Kjeldahl Nitrogen 
Organic carbon and Kjeldahl nitrogen were determined by the methods 
described on p. 205. 


Rate of Sedimentation of Mud through Distances of 4 in. to 40 ft. 

The methods used for measuring rates of sedimentation are described in 
Chapter X. Diagrams of the apparatus used for measurements in tubes 9 ft. 
and 40 ft. long are given in Fig. 141. 


OFT 40 FT, 
SEDIMENTATION SEDIMENTATION 
TusE TUBE, 


| 


QFT 40 FT. 


GLASS FUNNEL, 
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eee ww wee i ewe we ee ww wm ee ew wo wm ew ew ew ew ew ee 
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“VOLUME OF LIQUIO ABOVE FUNNEL, 
VOLUME OF LIQUID ABOVE FUNNEL 


PUBBER PLUG, 


STEEL PLATE. 


=, 
DRAINING ———_»— i | () J]«—ScCREW 


cock, cuir 


Fic. 141—Diagram of Apparatus used in the Determination of the Rate of Sedimentation of Mud 
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APPENDIX II 


METHODS USED IN MEASURING THE VELOCITY OF TIDAL AND 
FRESH-WATER STREAMS 


In the tidal part of the Estuary stream velocities were measured by means 
of current meters, captive floats or free-drifting floats. 

Current meters were usually suspended from a small davit on one of the motor 
boats or from a dinghy when working over high banks. Observations were also 
taken from the Light Vessels in the sea channels. The current meters used were :— 


Nos. 601 
1603 Watts 
» 13814 
Be 6G Large Gourley—Price 
A OME 


a 
180 f Ekman 


All the instruments were calibrated periodically either at the National Physical 
Laboratory or by the Admiralty. In the Watts meter, vanes are caused to revolve 
about a vertical axis by the stream, an electrical circuit being closed at the end of 
each revolution or after every fifth revolution. The electric current from a dry 
cell is carried by waterproofed cables to ear-phones and the observer times by stop 
watch a given number of signals. These meters do not register the direction of the 
tidal stream. Difficulty is often experienced in keeping the meter at the required 
depth in a strong tide and on some occasions a special streamlined sinker weighing 
100 Ibs. was used in place of the usual smaller sinker. The Gourley—Price meter is 
similar to the Watts meter but is larger. In the Ekman meter the propeller is 
started by a messenger and stopped by a second one, the number of revolutions 
made by the propeller during the interval being registered on dials on the instru- 
ment. The Ekman meter also registers the direction of the stream by means of a 
mechanism containing a compass. 

The three types of meter were satisfactory in deep water but not in shallow 
water, unless the sea was smooth, owing to the turbulence sometimes set up. 
Difficulty was experienced in using meters in water containing high concentrations 
of suspended matter, which clogged the bearings of the rotary vanes. In the 
Upper Estuary the speed of the tidal stream is influenced considerably by the 
presence of banks and the velocities observed may differ considerably at stations 
only a short distance apart. 

In Table 135 are shown the recorded stream velocities taken by two calibrated 
meters suspended from the same boat, the distance between them being about 
15 ft. Continuous readings with one meter indicated that the differences in Table 
135 are due mainly to fluctuations in the stream velocity and not to inaccuracies in 
the meters. 


TABLE 135—Comparison of the Velocity of the Tidal Stream recorded by Two Current 
Meters suspended about 15 ft. apart 














Mean velocity of 
stream Difference as a 
No. of (knots). percentage of 
determinations. value by Meter 
330. 
Meter 330. Meter 601. ~ 
6 0-92 0-99 + 7:6 
13 1-38 1-31 — 5-1 
11 1-70 bce he. — 6:5 
4 2°13 2:10 — 1-4 


In shallow water or at low stream velocities observations were sometimes 
made by means of a captive float such as an orange or a small float of canvas vanes 
on a wooden framework; the float was attached to a light line and the length 

P 2 
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run out in a given time was measured. In this method the general direction of 
the stream was observed by sextant angles between the float and fixed shore objects. 
In other cases the captive float consisted of a light spar provided with an oblong steel 
framework, 2 ft. 6 in. by 3 ft., covered with canvas ; a small block of cork was fixed 
to the top end of the spar to provide buoyancy. ‘These floats were not appreciably 
affected by wind. 

In some cases the velocity of the tidal stream was measured by allowing a 
float to drift freely, its position being fixed at intervals by sextant angles. If the 
float went ashore or was held up in an eddy it was picked up and dropped in the 
main stream. 

The current velocity in fresh-water rivers was measured either by current 
meter or by small floats. A current meter was used by suspending it from a block 
on a wire across the river; the meter could be hauled to any required distance from 
the bank by means of an endless rope and lowered to the required depth. During 
observations of the current velocity the height of the river was noted on a river 
gauge, the zero of which had been connected by levels to an Ordnance bench mark. 
In the computation of the discharge of a river the velocity in feet per second at 
different depths on the same vertical was plotted against the depth; an example 
of such a curve is shown in Fig. 142. The areas enclosed by these curves for each 
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Fic. 142—Typical Vertical Velocity Curve (River Mersey, 15th January, 1934) 


vertical were then measured by planimeter. The distance across the stream was 
then plotted as a base line and on this line perpendiculars were erected at the 
positions where gaugings were taken, the length of each of the perpendiculars being 
made proportional to the areas obtained from the “ vertical velocity curves.” A 
curve was then drawn touching the end of each perpendicular; the area between 
the base line and the curve drawn in this way is proportional to the discharge, in 


cu. {t. per second, across the section. An example of such a discharge diagram is 
shown in Fig. 143. 
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Fic. 143—Typical Discharge Curve from Stream Gauging Observations obtained on the 
River Mersey at Flixton, 15th January, 1934 
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TABLE 1—Avea and Character of the Catchment Areas of the Streams draining into 
the Mersey Estuary 





Distance of point of 























entry from General 
Entry of Warrington Bridge. character of 
Catchment areas. Area. Outfall. stream into + below Warrington catchment 
: Estuary. — above Warrington area. 
(sq. miles) (miles). 
Above Howley Weir 
Irwell and tributaries .. | 247-7 Manchester Ship Canal | Howley Weir 4E —17:0 Industrial and 
agricultural. 
Irk e- i) oe 29°8 af a7 os re ae —17-0 ” ” 
Medlock. . At He 30-9 Bridgewater Canal .. | Into Manchester Ship +10°5 ” » 
Canalthrough locks 
at Runcorn and 
flood sluices. 
Mersey and tributaries 261-6 Manchester Ship Canal | Howley Weir ats Confluence at Fe 7 
Flixton —7-0 
‘ 785 -0 Howley Weir 0 «} 
Bollin and tributaries .. | 106-8 Manchester Ship Canal . > atts — 5:0 Agricultural. 
Glazebrook se Si 67-6 Manchester Ship Canal 7 7 ee =e Zia) s 
Redbrook mia : 19-5 - ¥ = - a ‘I = 6:5 rs 
Remainder draining into iy Ms bs Industrial and 
Manchester Ship Canal agricultural. 
including— Pa a | », ” *s Sloe 
Worsley Brook i, ” ” Industrial. 
Longford Brook i“ ‘ 
Below Howley Weir 
Weaver River .. F 544-0 r 5 re Natural flow into +12-2 Industrial and 
Manchester Ship agricultural. 
Canal and through 
Weaver Sluices 
into Mersey 
Estuary. 
Upper Estuary 
Sankey Brook .. xc 73-0 Upper Estuary .- | Natural flow 40 + 4-2 Industrial and 
agricultural. 
Ditton Brook .. ae 26°3 a re os be Fe hae +10-3 FF * 
Holpool Gutter ae 13-6 re ‘ .- | Sitphoned under +13-5 op rp 
Manchester Ship 
Canal. 
Gowy River 4 73°8 Ps} “a we « Ps Af +15-8 ve - 
Poolehall Gutter 8-9 * me Be i, Ue . +18-0 Agricultural. 
Dibbin Brock .. 24-2 Bromborough Docks .. | Through Brom- +22-3 Industrial and 
borough Docks. agricultural. 
Keckwick Brook 12-0 Upper Estuary .. | Howley Weir \ 3-6 Agricultural. 
Lumb Brook 3:6 >282-0 — A S 4 oo 
Rams Brook 9-2 ” Py) .. | Natural flow into +11-4 a 
Upper Estuary. 
Bowers Brook .. 3°8 ; A A . 4) +10:3 Industrial and 
agricultural. 
Penketh Brook.. 5:3 ms a re re = + 5:0 Agricultural. 
Stewards Brook 2°93 ss ms a ve ts + 4-2 ee, 
Whittle Brook . : 5:8 v ae - i s + 4:2 a 
Walton Brooks (various) 5:0 e - * Be * + 0:5 a 
Padgate Brook 5:0 ms F3 a x 2 — 0:5 5 
Spittle Brook as 5:0 - SA af a bs s — 0:5 a 
St. Helens Canal acs 5:0 a es -- | Natural flow into + 9-2 Industrial and 
Upper Estuary agricultural. 
through locks at 
Into Narrows Widnes. 
Birket and Fender 
Brooks 
Birket ... cus Sve || alee saw 3 Birkenhead sewer Through Great Cul- +25-0 Industrial and 
Fender .. ae 7°88 >27°5 4 a vert, Birkenhead. +25-0 agricultural. 
Rimrose Brook. . ae 5:9 Bootle sewer Through sewer out- +29-0 _ a 
outfall under 
Gladstone Dock. 
Into Liverpool Bay 
Alt River : . : 
92-0 Liverpool Ba .. | Natural flow across +34:°-3 Industrial and 
Downholland Brook i sf : Sandbanks off agricultural. 
Urban Catchments ot Crosby. 
Warrington and below 
Liverpool, Garston and 211 Upper Estuary .. | Town sewer outfalls +18 to +30 Industrial. 
Bootle 
Warrington 1-2 37-4 ” ” ee ” ” ” 0 ” 
Wallasey and Birkenhead 12-0 ae a oie v ie re +22 to +29 : 
Runcorn and its brook 3-1 a i wl é < < 4+ 9to +12 . 





Average Rainfall 
Estuary below Howley 36-2 
Weir 37-1 
Manchester Ship Canal Org 
surface catchment 


POLAT wt a 1,805-0 


nn ee 
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TaBLE 2—Records of the Flow of Certain Streams discharging into the Mersey 







































































Estuary 
Stage 
: Flow (height 
: Time Method of 
River. Date. . (gal. above 
(G.M.T). Sauging per sec.). Ordnance 
Datum). 
River Alt = eee, 1D Geo8 Meter 120 1 
12. 7.33 A 128 141%? 
11.10.33 , 563 13° 10" 
1.11.33 : 133 12’ 13” 
8. 1.34 7 384 1302 
9. 6.34 Floats 72 pS a 2 
Downholland Brook .. 19. 6.33 Floats 100 
River Bollin .. ae IRA oe} Meter 253 
Glazebrook (Upper 23. 6.33 Meter 211 33’ 2° 
Station) 16.10.33 - 612 34’ 8” 
L714 93 1,736 37’ 0%” 
Glazebrook (Lower 2326733 Meter Suen) 30’ 9" 
Station) 16.10.33 5, 685 32 
River Gowy (tidal), | 27. 9.33 10-21 Meter 128 
fresh-water flow ieee List? “A 124 
28.0933 12.00 fs 118 
28. 9.33 12.45 $ 118 
25. 6.34 15.00 Pr 53 
Holpool Gutter (tidal), 25. 6.34 16.15 Surface float 18 
fresh-water flow 
River Irwell .. ae 20. 9.33 Meter 1,374 80’ 0” 
16.11.33 ns 5,399 80’ 11” 
16. 1.34 . Via 81° oo" 
River Mersey (Flixton | 23. 8.33 Meter 1,146 34’ 10”. 
Bridge) 22 Oeao “ 779 34’ 5” 
18.10.33 te 1,898 35’ 4” 
9. 1.34 * 1,287 34’ 1134” 
15. 1.34 “a 3,632 36’ 114” 
20-230 e 4,921 37’ 947 
River Mersey (Howley 5.10.34 | 11.35 to 13.02 Meter 41,829 Roughly 18’ 
Weir) 13.02 to 13.55 18,705 - 
8.10.34 |12.52to14.20} Meter and 9,958 8 
14.20 to 15.25 floats 7,904 43 
18.10.34 | 11.50 to 13.10 Meter 8,304 S 
30.10.34 | 11.47 to 13.14 . 18,496 3 
2.11.34 | 12.00 to 13.00 Surface — 4,447 He 
floats 
12.12.34 |11°3%1012.42 Meter 12,128 . 
31.12.34 | 11.33 to 12.43 " 16,380 P 
7271.35) 711525 10:12:40 ” 11,585 Es 
Red Brook a os Wee EOTSS Surface 25 
float 
Sankey Brook .. ae 17.10.33 Meter 384 2435 
19. 1.34 a 652 VASE bil 
12. 4.34 3 234 21a 
8. 6.34 Floats 124 20’ 103” 
5. 7.34 | 10.45 to 11.30 55 102 20’ 103”° 
=e 13.00 to 13.40] Meter (A) 65 20’ . 94" 
rs 13.49 to 14.12] Floats 97 20’ 94” 
- 15.45 to 16.15} Meter (A) 102 20’ 94” 
s 17.10to17-30|  ,, (A) 97 20’ 93” 
Fe 18.40 to 19.12 i bee) 113 20’ 94” 
A. 20:00 t020.26):1 =) (A) 108 20’ 92” 
M115 to 21 0s) 108 20’ 10” 
~ 22.52 to 23.20 »  {A) 127 20’ 10}” 
6.°-7,34: \|:00 501001, 20 een a A) 127 20’ 10” 
- 02.50 to 03.22 seth) 114 20° 10° 
is 04.51 to 05.18 aN) 103 20° 10” 
7 06.24 to 06.46 pe A) 97 20’ 93” 
ne 07.55 to 08.16 eee) 99 20’ 94” 
24. 7.34 ¥ 146 20’ 114” 





. Ps id Oe 
(A) Indicates that gauging was made on a restricted cross-section above the cross-section normally used. 
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TABLE 3—Afproximate Daily Flow from Rivers and Streams into the Mersey 


Estuary 





Rivers, brooks, 
€tc. 


Col. 1 


Irwell River .. 


Irk River 


Medlock River 


Worsley Brook 


Longford Brook 


Mersey River.. 


Glazebrook 
Red Brook 


Bollin River .. 


Sankey Brook.. 


Ditton Brook.. 
Alt River 
Downholland 


Brook 
Weaver River. . 


Holpool Gutter 
Gowy River 

Poolehall Gutter 
Birkett and 


Fender Rivers 


Dibbin Brook.. 


Flow (millions of gallons), 


From 
stage- 
discharge 
curves 
me ae obtained 
supplied Dy Gecents 
by Man- during 
S heskey the ee 
: investiga- 
Pea aera tion and 
: averaged 
stage 
levels. 
Col. 2 Col. 3 
233-6 (236-7) 
18-7 — 
3-7 = 
1-3 a 
207°5 Fa Ahoy. 
8-1 — 
3°7 2°2 
33-0 22-4 
— 33.2 
— 24°6 
— 20-4 


Percentage 
From Accepted | of total 
other figure fresh- 
sources. | for flow. water 
flow. 
Col. 4 Col. 5 Col. 6 
—- 233-6 23-4 
12-5 15-6 1-6 
15-0 15-0 1-5 
_— 3°7 0-4 
a 1-3 0-1 
oo 209-3 20-9 
— 8-1 0-8 
oie 3-7 0-4 
— 33-0 3-3 
52.3 52.3 Don 
18-8 18-8 1-9 
54°8 45-0 4:5 
182-9 182-9 18-3 
4-4 4-4 0-4 
24-9 24-9 2-5 
3-1 3:1 0-3 
11-2 11-2 1-1 
16-2 16-2 1:6 


Remarks. 


Col. 7 


Col. 2 based principally on gaugings 
carried out by Manchester Ship 
Canal Co. in 1923. 

Col. 3 from stage discharge curve 
and gauge readings from City 
Engineer, Salford. Average for 
6 months (1933) with allowance 
made for rainfall during gauging 
period. See footnote. 

Col. 2 as above. 

Col. 4 from gaugings taken daily 
by the City Engineer, Manches- 
ter, in 1914 for 12 months. 

Col. 4 from gaugings taken daily by 
the City Engineer, Manchester, 
in 1922 for 12 months. 

Col. 2 based principally on gaug- 
ings carried out by Manchester 
Ship Canal Co. in 1923. 

Col. 2 based principally on gaug- 
ings carried out by Manchester 
Ship Canal Co. in 1923. 

Col. 2 as above. 

Col. 3 from stage-discharge curve 
and 12 months’ gauge readings 
from the automatic level record- 
ing gauge at Flixton Bridge. 
This was read from February, 
1934 to February, 1935, which 
was a normal year and no 
adjustment for rainfall has been 
made. 

Col. 2 as above. 

Col. 2 as above and accepted as 
only one gauging was taken 
during the present investigation. 

Col. 2 as above and accepted as 
only one gauging was taken 
during the present investigation. 

Col. 3 adjusted for low levels 
during drought (see footnote). 

Col. 4 from average rainfall in 
catchment area less 15”. 

Col. 4 from a comparison of the 
catchment area with that of 
Sankey Brook. 

Col. 3 adjusted for low levels during 
drought (see footnote). 

Col. 4 from average rainfall in 
catchment area less 15”. 

Col. 4 from the Engineer of the 
River Weaver Navigation. A 
year’s statistics were supplied 
from August, 1905 to July, 1906 
(inc.). This was an average year 
for rainfall. 

Col. 4 from a comparison of the 
catchment area with that of the 
River Weaver. 

Col. 4 from a comparison of the 
catchment area with that of the 
River Weaver. 

Col. 4 from a comparison of the 
catchment area with that of the 
River Weaver. 

Col. 4 from a run-off of 28” less 15” 
of rainfall over the catchment 
area for the year. 

Ditto, but from a run-off of 32” less 
15” for the year. 
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TABLE 3—continued 





Fiow (millions of gallons). 





























From 
stage- 
discharge 
From see 
Rivers, brooks, figures Rion Sei Percentage Remarks. 
etc. supplied y ae °| From Accepted | of total 
by Man- |, am a t other figure fresh- 
Chester |*° oe sources. | for flow. water 
Ship Canal ere rate flow. 
Cn ion and 
averaged 
stage 
levels. 
Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6 Cole 

All other out- — as 36:8 36°8 3:7 Col. 4 from a run-off of 31” less 15” 

falls (apart over catchment area per year. 
from domestic 

sewage and 

industrial 

effluents) 

Urban outfalls — — 39°+3 39-3 3:9 Col. 4 from rainfall over catch- 
ment areas affected. 85 per cent. 
of rain assumed to run off. 

Average rainfall 
Over Estuary “= — 44-2 44-2 4-4 Col. 4 from average rainfall ob- 
below Howley tained from ‘“‘ British Rainfall 
Weir 1933 ’’, pp. 199-200. 
Over Ship Canal —_ 1-3 1-3 0-1 Col. 4 from average rainfall ob- 
tained from ‘ British Rainfall 
1933’, pp. 199-200. 
TOTAL ae — — — 1,003-8 100 — 














During the period over which the gauge levels were read, the rainfall was abnormally low and the flows observed 
were less than the mean flow for a period of average rainfall. 

For Sankey Brook and the River Alt (with Downholland Brook) the flow during a year of average rainfall was 
estimated from the following equation :— 


: ; : Average annual rainfall 15” 
Flow during a year of average rainfall= Mean flow during 1933 x Rainfall in 1933— 15" 





For the River Irwell the same procedure was used, but it was found that this made the resultant flow too large in 
comparison with the Mersey and also with the figures obtained from the Manchester Ship Canal Co. 

The flow of the Mersey was gauged during a year of normal rainfall: February, 1934 to February, 1935. 

In consequence of the differences found in the figures for the Irwell, the figure given by the Manchester Ship 
Canal Co. was accepted. 

The figure given in brackets in Col. 3 was obtained from the following equation :— 


: 2 , Average annual rainfall 
Flow during a year of normal rainfall= Flow measured in 1933 x Rainfallin 1933 





On the assumption that the average annual rainfall over the Irwell catchment area is 45 in. and the run-off 29 to 
30 in., the flow of the Irwell has been estimated at 280 to 294 million gallons per day or 47 to 61 million gallons per 
day more than the figure accepted in Table 3. Gauging over a long period would be necessary to obtain a reliable 
average figure. 
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TABLE 5—Organic Content of some Fresh-Water Streams discharging into the 
Mersey Estuary 


(Figures in brackets are estimated) 
































































































































Total organic Soluble organic Total weight 
matter matter Flow of of organic 
Time (parts per 100,000). | (parts per 100,000). stream carbon 
Stream. Date. | (G.M.T.). |. (thousands | discharged 
Organic | Kjeldahl | Organic | Kjeldahl | Of Sa”lons | per day (Ib.). 
carbon. | nitrogen.| carbon, |nitrogen.| P° ay). 
River Mersey at Howley| 29/5/34 | 09-00 1-9 0-63 Mean value | Mean con- 
Weir 10-00 2°) 0-60 for the centration of 
11-00 bets: 0-63 period = organic 
12-00 1-7 0-61 124,000 carbon = 
13-00 1:7 0:63 1-72 parts 
14-00 1:8 0-59 per 100,000 
15-00 17 0:69 
16-00 1:6 0-67 
17-00 2-1 0:73 
18-00 1-9 0-67 Mean dis- 
19-00 1-9 0-67 charge of 
20-00 1-6 0-67 organic 
21-00 29) 0-69 carbon = 
22-00 1-4 0:67 21,380 Ib. 
24-00 | 1-3 | 0-61 oe 
30/5/34 | 02-00 £2 0:63 
03-00 1-4 0-65 
04-00 1-4 0-63 
05-00 1-3 0-67 
06-00 1-4 0:69 
07-00 1-4 0-67 
08°00 2-2 0-63 
River Mersey at Howley 3/6/34 |Lowwater| 2-8 0-83 1.2 0-67 81,200 22,700 
Weir 4/6/34 * 2:4 0-96 1:3 0-81 78,000 18,700 
5/6/34 - 2:6 1-11 1:1 0-93 86,700 22,500 
6/6/34 a 3°5 1:16 1-4 0:98 102,000 35,700 
7/6/34 7 2°4 1-80 1:5 1-22 108,000 26,000 
8/6/34 _ — as ¥/ 1:9 1-16 130,000 
River Mersey at War- 3/6/34 |Low water 2-2 0-83 1-1 0:67 81,000 17,900 
rington Bridge 4/6/34 4 2:3 1-08 1.3 0°85 78,000 18,000 
5/6/34 5 3:3 1622 1:3 0-98 86,700 28,700 
6/6/34 ss 3°7 1-20 1-1 1-00 102,000 37,700 
7/6/34 4 2:2 1-12 1:5 1-02 108,000 23,800 
8/6/34 F 4:3 1-32 107) 1-08 130,000 56,000 
River Mersey at War- | 31/5/34 |Lowwater| 2.1 0-83 1:3 0:67 
rington - 2-2 0-83 — 0-67 
Sankey Brook Si 3/6/34 8-1 0-78 4:9 0:67 (10,700) 8,660 
4/6/34 8-1 4.80 3°7 4-40 (10,700) 8,660 
5/6/34 21-8 3-32 6.4 2-50 (10,700) 23,400 
6/6/34 21-2 2-88 5:8 1-96 (10,700) 22,700 
7/6/34 == 2-30 5:5 2:42 (10,700) —_ 
8/6/34 10-5 2°85 4-4 2-11 10,700 11,200 
Sankey Brook ze 5/7/34 | 09-00 |20-0) . 1-0) 
09-30 |14-2] 5 2-4 
10-00 {13-2 +7 PIT 8,760 13,400 
10-30 |15-6]| 5 3-4 
11:00 |13-6) © 4-6 
11-30 |18°6) _ 3°5 
12:00 |21-8|¢ 4-7 
12-30 |23-8 $4 1-4 5,590 11,600 
13:00 |21-6| > 5:0 
13-30 |17-8) * | 4:5 
14-00 {13-0 4-8 8,340 10,840 
14:30 | 9:6) 2-9 ) 
15-00 9-4 (2S 4-4 
15-30 |10-2( 1 a5 de 
16:00 |11-6) & 4-3 
Bed 1082 ee etek 
17:00 |10-6 75] 3:8 8,390 8,400 
USO) |) Roy) sel) ey! 
18:00 | 8-0 2-4 
18:30 | 7-4 >.3| 2-7 9,730 6,610 
19-00 5:0) 8 2-6 
19-30 9-6 2:7 
20:00 | 9-4}.2 a 9,350 8,880 
20°30) HG) 5°7 
21-00 9:0 Iw] 4:3 
21-30 8-0 fF 2| 4-2 9,300 7,910 
22-00 72) | 3°8 
22-30 9-0 s2| 3-3 10,900 8,510 
23-00 ele 2°7 
23-30 8:4) a 2°8 
24:00 |10-2(© 2°7 
00-30 5.0 i 2.5 10,900 7,430 
\ 01-00 3:4) 6 2:3 
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Stream. 


Sankey Brook (contd.) 





River Alt 


River Gowy . 


Holpool Gutter 


Date. 
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TABLE 5—continued 


Time 
(GMEiie): 














5/7/34 


31/5/34 
14/6/34 


25/6/34 


25/6/34 











01-30 
02-00 
02: 
03-00 
03-30 
04-00 
04- 
05- 
05: 
06: 
06- 
07- 
07: 
08- 
08- 
09- 


30 


30 
00 
30 
00 
30 
00 
30 
00 
30 
00 


Low water 


Low water 


matter matter Flow of 

(parts per 100,000).| (parts per 100,000). stream 
. eee (thousands 

Organic | Kjeldahl | Organic | Kjeldahl | selon 
carbon, | nitrogen.| carbon, | nitrogen. | per day). 
7-4) eG 
6-4le | 0-6 
sor! | 2-1 9,850 
8:4] & 2-5 
9 - 4 Te) on 
vie ae aie 8,860 
6-2) % | 3-7 
6-2), | 2:2 
Lah So ea 8,340 
3-8 2-3 
2-0 2-2 
2-8/2 | 2-1 
5-4 | 201 8,550 
5-8/ = | 2-1 
5-4 2-2 
2-4 0-78 — 0-67 6,850 
1-5 0-25 0-5 0-09 
1-4 0:58 0:9 0-38 4,600 
2-9 1-16 1:8 0-69 1,560 


Low water 





Total organic | Soluble organic 














Total weight 
of organic 
carbon 
discharged 
per day (Ib.). 


6,220 


6,660 
4,940 
3,680 


1,650 


644 
460 
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TABLE 7—Volume of Sewage discharged into the Mersey Estuary in 1933 


No. of 
outfall 
(Fig. 4). 


29 
30 
31 


32 
33 
34 
35 
36 
37 
38 
39 
40 
4] 
42 
43 
44 
45 





Formby U.D.C. 
Gt. Crosby U.D.C. 


Waterloo-with 
Borough of Bootle 


” ”? ” - 
Liverpool Corporation 
(Total population 855,540 ; popu- 
connected to 
outfall estimated from daily 
flows) 


Whiston R.D.C. 


” 


Municipal Borough of Widnes 


Warrington R.D.C. 


lation 


” 


Authority. 


” 


” 


-Seafort 


” 


Runcorn RDC. 


”? 


” 


”? 


”? 


” 


each 


Sewered 
population. 


7,970 
18,290 


17,000 


36,700 
29,500 
2,400 
8,200 
30,600 
121,000 
35,400 
10,400 
93,000 
145,000 
0 
89,200 
26,700 
69,800 
34,900 
28,600 
4,300 
5,400 
35,200 
18,800 
44,800 
1,200 
60,100 
2,300 
10,073 
636 


472 


3,990 


20,850 
4,400 
3,810 
6,350 

660 
1,163 
2,051 

137 
1,048 

4 
4,107 
2,679 


1,612 
212 
1,748 

288 
3,196 
2,750 
1,400 


Approximate 
water 
consumption 
(gal. per head 
per day). 


” 


(storm water 


19 domestic 
40 total 


) 
36 
” 
29 
”? 
”? 
” 
” 
”) 
” 
9? 
”) 
2?) 
” 
as 


| 
| 


Treatment of sewage 
before discharge. 


Septic tanks. 


None. 


None. 


None. 


None. 








None. 


5 small disposal plants 
using different 
methods. 


None. 


None. 


Mainly by septic tanks. 
Septic tanks. 
Mainly by septic tanks. 


None. 


Biological treatment. 
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No. of 
outfall 
(Fig. 4). 


62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
a 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 





100 
101 
102 
103 
104 
105 
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Authority. 


Runcorn R.D.C. 


> %) 


Ellesmere Port ULD.C! 


” ” a? 


Bebington Ubce 


TABLE 7—continued 


) 


County Borough of Nee 


| 





Sewered 
population. 


1,700 
3,700 
6,325 
4,380 
2,500 


23,640 


12,750 
5,900 
5,250 
1,500 


50 


6,650 


3,600 
550 
16,000 
3,750 
3,160 
6,480 
15,280 
10,360 
30,920 
1,280 
92,000 


- 30,000 


89,000 


3,220 
5,300 
11,090 
5,130 
1,810 
390 








Approximate 
water 
consumption 
(gal. per head 
per day). 


26 


+”) 


32 


2 


30 
26 
34 


99 
Trade wastes 


29 


Treatment of sewage 
before discharge. 


None. 


Biological treatment. 


None. 


| Bacteria beds. 


None. 
Bacteria beds. 


None. 


Screened. 


Bacteria beds. 


None. 


None. 


None. 


Screened and settled. 
Partial settlement. 
None. 

None. 

Partial settlement. 
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TABLE 10—Estimated Volume of Effluents and Weight of Organic Carbon discharged 
from Tanneries into the Mersey Estuary 





No. 
of 
tannery. 

















District in 
which 
effluents 
are 


discharged. 


Runcorn 
Runcorn 
Runcorn 
Runcorn 
Runcorn 


Warrington 


Warrington 
Warrington 
Warrington 
Warrington 
Warrington 


| Warrington 


Warrington 
Warrington 
Warrington 
Warrington 
Warrington 
Warrington 
Bootle 
Bootle 
Bootle 
Bootle 
Bootle 
Bootle 


Birkenhead 
Liverpool .. 
Liverpool .. 
Liverpool .. 
Liverpool .. 














Volume of effluent discharged 


Soak Liming et 
water. water. Dias 
liquor. 
3,500 1,250 1,350 
32,500 18,000 23,500 
11,200 2,800 
6,000 4,000 4,000 
15,400 13,400 8,100 
2,000 2,000 2,000 
2,900 5,000 3,600 
12,000 1,200 1,800 
8,000 1,700 4,000 
11,100 3,500 2,500 
10,800 2,900 
40,000 | 20,000 8,000 
138,200 21,800 
1,600 800 50 
2,000 8,000 2,000 
7,000 4,000 2,500 
3,400 750 85 
30,000 — 
5,000 860 860 
10,000 1,700 1,700 
3,800 5,700 9,500 
1,800 5,700 2,100 
10,000 3,500 1,300 
2,400 2,400 1,800 
39,500 22,000 10,000 
5,300 2,600 1,760 
35,000 6,200 
3,700 1,200 860 
21,700 3,400 1,100 


(gal. per day). 





Estimated weight of organic 
carbon discharged 
(Ib. per day). 
































Soak | Liming | pent 
water. water. ii ae 
1quor. 
55 31 194 
505 456 3,370 
229 A401 
93 101 573 
238 340 1,160 
31 51 287 
40 126 516 
185 31 258 
123 44 573 
ive 88 B07. 
220 44 
622 | 507 | 1,146 
2,820 3,150 
24 20 7 
oO 203 287 
108 101 357 
53 20 13 
61 — 
v7 27, 123 
154 44 243 
60 146 1,360 
29 146 300 
154 88 190 
37 62 258 
613 558 1,430 
82 66 251 
71 888 
134 4! 123 
337 86 159 




















Total 
organic 
carbon 
(Ib. per 

day). 


280 
4,331 
630 
767 
1,738 
369 
682 
474 
740 
617 
634 
2,279 
5,970 


521 
566 


613 
222, 
44] 
1,566 
475 
432 
357 
2,601 
“399 
1,598 
288 
582 
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TABLE 20—Observations taken during a Series of Float Drifts, 28th August to 
10th September, 1935 


Draught of Float: 3 ft. 
Float Run 28.8.35 





Distance Distance 






































Fix Time Interval Speed Fix Time Interval Speed 
No. | (B.S.T.).| (min.). oe ae eaten | | ates (B.S.T.) | (min.). Seas denote), 
FLoop. 28 1500 116} 3,530 2°32 
1 0813 29 15 a 2,850 1-88 
2 30 17, 5,200 3-02 30 30 nf 3,070 2°02 
3 45 15 5,040 3-32 31 45 i? 2,730 1-80 
4 0900 en 5,150 3°39 32 1600 a 2,420 1-59 
5 15 of 4,480 2°95 33 15 # 2,860 1-88 
6 30 eI 5,150 3-39 34 30 re 3,850 2:54 
7 45 cS 5,100 3-36 35 45 A 2,980 1-96 
8 1000 a 5,230 3-44 36 1700 Ke 3,300 1-51 
9 15 of 4,380 2°88 37 15 <7 2,960 1-95 
30 i 3,640 2-40 38 30 + 2,680 1-76 
45 rr 4,100 2°70 39 45 5 2,530 1-67 
1100 2 4,160 2°74 40 1800 x 2,110 1-39 
15 ” 3,260 RO 41 15 Bh 1,730 1-14 
30 a 2,560 1-68 42 30 os 1,520 1-00 
45 x 1,900 1-25 43 45 i: 680 0-22 
1200 pe 1,600 1-05 44 50 
15 ~ 1,200 0-79 
30 me 540 0:36 FLoop. 
45 1900 10 360 0:36 
Ess. 46 Ol 
47 15 
45 15 48 20 A) 1,500 
1300 - 860 0-57 49 30 10 950 0-94 
15 1,950 1-28 50 45 15 2,140 1-41 
30 we 2,250 1-48 51 2000 a 2,140 1-41 
45 3 2,650 1-74 52 15 3 2,490 1-64 
1400 oH 2,620 1-83 
15 oe 3,030 1-99 
30 ‘a 3,690 2°36 FLoop v .. 72,270 feet 
45 if 3,170 2°09 EBB - gry oP RUA t fae 
Float Run 29.8.35. 
FLOooD. pay 1430 15 1,500 0:99 
1 0800 28 45 if 1,600 1-05 
ve 15 15 1,200 0:79 29 1500 Fe 2,910 1-92 
3 30 a 2,490 1-64 30 15 s 4,220 2:78 
4 45 so 4,250 2-80 31 30 z 3,680 2-42 
5 0900 af 2,730 1-80 32 45 % 3,430 2-26 
6 15 i 4,000 2°63 33 1600 a 2,180 1-44 
7 30 bi 4,410 | 2-90 34 15 * 3,630 2°39 
8 45 Pe 4,840 3°19 35 30 Gi 3,660 2:41 
9 1000 - 3,800 2°50 36 45 ” 3,230 2°13 
10 15 * 5,740 3-78 37 1700 = 4,100 2-70 
11 30 a 3,560 2-34 38 15 * 2220 1-46 
i 45 s: 39 30 Fe 2,680 1-76 
13 1100 es 5,230 1°%2 40 45 se 3,050 2°01 
14. 15 - 4,200 2-76 41 1800 . 1,600 1-05 
15 30 . 2,620 1-73 42 15 as 1,920 1-26 
16 45 # 1,950 1-28 Picked up 
Engine trouble ; lost float 43 24 Float streamed. 
17 1200 New float streamed. 44 30 6 560 0-92 
18 15 15 670 0-44 45 45 15 970 0-64 
19 30 a 1,280 0:84 ; Picked up 
20 45 = 1,320 0-87 46 50 Float streamed. 
21 1300 i 990 0-65 47 1900 10 730 0-72 
29, 15 “ 300 0-20 48 15 15 800 0-53 
Picked up 
49 20 Float streamed. 
50 30 10 280 0-28 
EBB. 51 45 15 780 0-51 
De 2000 ia 380 0-25 
23 30 15 500 0:33 
24 45 a 1,130 0-74 
95 1400 ae 1,480 0-97 FLooD ne .. 595,080 feet. 
26 15 Fe 1,430 0-94 EBB x pe H4,050 . 5, 
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TABLE 20—continued 
Float Run 30.8.35 





































































































Distance . Distance 
Fix Time Interval Speed Fix Time Interval Speed 
No. | (B.S.T.).| (min.). eo (knots). No. | (B.S.T.). | (min.). oe (knots). 
1 0800 EBB. 
2 15 15 140 0-09 24 1345 15 740 0-49 
29 1400 ag 1,200 0:79 
26 15 i 2,220 1-46 
a 30 a 2,730 1-80 
28 45 ; 3,750 2:47 
FLOOD. 29 1500 2 3,540 2233 
30 15 f 3,320 2719 
3 30 15 440 0:29 31 30 - 3,530 2°32 
4 45 a 1,180 0-78 32 45 4,220 2-78 
5 0900 A 2,180 1:43 33 1600 ‘ 4,300 2-83 
6 15 3,350 2°21 34 15 z 4,790 3-16 
7 30 4,630 3-05 35 30 fe 4,800 3-16 
8 45 3,840 2-53 36 45 - 4,430 2-92 
9 1000 4,120 2°71 37 1703 13 6,160 3°37 
10 15 3,900 2°57 38 15 12 4,080 3:35 
11 30 4,670 3:07 39 30 15 4,180 2°75 
12 45 4,330 2-85 40 45 x 4,040 2-66 
13 1100 is 3,950 2:60 4] 1800 a 3,455 2-26 
14 15 “ 4,210 2°77 42 15 : 2,980 1-96 
15 30 a 3,670 2:41 43 30 3,150 2:07 
16 45 " 3,400 2-24 44 45 2,660 1-75 
17 1203 13 2,500 1-37 45 1900 a 2,265 1-49 
18 15 12 1,580 1-30 46 15 f 1,475 0-97 
19 30 15 1,140 0-75 47 30 1,430 0-94 
20 45 ss 1,260 0-83 | 
ah 1300 ee! 1,310 0-86 
22 15 630 0-41 FLoop 56,280 feet. 
23 30 300 0-20 EBB 80,855 _,, 
Float Run 31.8.35 
1 0826 27 1445 15 2,210 1:45 
28 1500 $3 1,870 1-23 
FLoop. 29 15 z, 3,250 2:07 
2 31 5 80 0-16 30 30 3,540 2-33 
3 45 14 190 0-13 31 45 3,900 2-56 
4 0900 15 840 0-55 32 1600 3,590 2-36 
5 15 S 1,860 1-22 33 15 3,480 2+29 
6 30 F 2,720 1-79 34 30 3,020 1:99 
7 45 3,550 2-34 35 45 3,240 2:13 
8 1000 3,810 2°51 36 1700 3,520 2°32 
9 15 4,000 2:64 87 15 3,640 2-40 
10 30 a 3,580 2-36 38 30 3,910 2°57 
11 45 . 3,870 2-54 39 45 4,110 2-70 
12 1100 4,990 3:28 40 1800 fe 3,600 2-37 
13 15 & 3,720 2-45 41 15 - 3,440 2-26 
14 30 ie 3,800 2-50 Picked up 
15 45 3,820 Zoi 42 16 Streamed 
16 1200 3,740 2-46 43 30 14 3,800 2-67 
17 15 - 3,040 2-00 44 45 15 4,110 2-70 
18 30 2 3,360 2:21 45 1900 ms 3,230 2°12 
19 45 : 3,750 2:47 46 15 Fe 2,180 1-43 
20 1300 2,560 1-69 47 30 ‘i 1,820 1-20 
a | 5 2,520 1-66 48 45 é 1,490 0-98 
oe 30 1,970 1-30 49 2000 “ 920 0-61 
23 45 16 1,600 1-05 
24 1400 A 830 | 0-55 be, 
Ess. FLoop 64,200 feet. 
25 15 15 170 0-11 EBB 68,960 _,, 
26 30 2 910 | 0-60 
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TABLE 20—continued 
Float Run 1.9.35 
















































































Pix Time Interval estar o Speed Fix Time Interval | Distance Speed 
No. | (B.S.T.).| (min.). | 47°) | (knots). | No. | (B.S.T.).| (min.). fait (knots). 
EBB. EBB. 
1 0800 
2 15 15 1,630 1-07 29 1445 15 720 0:47 
3 30 " 1,140 0:75 30 1500 1,360 0-89 
4 45 ¥ 1,320 0-87 31 15 fs 2,270 1-50 
co) 0900 fe 580 0-38 32 30 3 2,750 1-81 
6 VW 0 33 45 3,080 2°63 
34 1600 3,960 2-61 
35 15 _ 4,330 2-86 
FLOoop. 36 30 a 4,140 2°76 
7 30. | 15 540 0-36 By) 45 a 3,720 2°45 
8 $2 Shifted Float 38 1700 i 4,000 2°63 
9 45 13 820 0-54 39 15 re 4,430 2-92 
10 1000 15 2,010 132. 40 30 " 3,990 2°63 
1] 15 r 3,100 2°04 4] 45 2 4,650 3-06 
12 30 aH 4,100 2-70 42 1800 re 4,320 2°84 
13 45 - 4,570 3-63 43 15 . 4,560 3-00 
14 | 1100 re 3,690 2-43 44 30 ., 4,040 2:66 
15 15 re 4,380 2-89 45 45 se 3,820 ele 
16 30 ‘ 4,780 3-15 46 1900 z 2,850 1:88 
a 45 De 5,530 3-64 47 15 - 2,390 1-57 
18 1200 7 4,770 3:14 48 17 D Shifted Tloat. 
19 15 oe 4,960 Sic bUy 49 30 ls: 1,520 1-00 
20 30 * 4,000 2-64 50 45 15 1,885 1-24 
21 45 a 3,990 2-63 51 2000 £ 1,200 0-79 
22 1300 ce 4,730 yeah 
23 15 . 3,960 2°61 
24 30 < 3,960 2-61 
25 45 2,280 1-50 
26 1400 an 1,210 0:80 FLoop . .. 67,140 feet. 
Mey 15 . 950 0-63 EBB a se) SESS) op 
28 30 ‘3 0 
Float Run 2.9.35. 
EBB. Daa 1430 Wes 2,700 1-78 
1 0800 28 45 hs 1,510 0-99 
2 165: 15 1730 1-14 29 1500 - 680 0-45 
3 30 * 1,900 1-25 
4 45 ~ 1,240 0-82 
5 0900 ie 760 0-50 EBB. 
6 15 % 430 0-28 30 15 15 0 
7 30 a 100 0-07 Sill 30 - 870 0-57 
32 45 i 1,680 1-11 
| FLoop. 33 1600 : 2,620 1:72 
34 15 - 3,190 2-10 
8 45 | 15 380 0-25 35 30 ie 3,540 Decoys 
9 1000 . 970 0-64 36 45 e 4,040 2-66 
10 15 . 1,430 0-94 37 1700 7 2,920 1-92 
et 30 r 2,430 1-60 38 1S . 3,440 2-26 
1Z 45 ‘hs 3,760 2-48 39 30 5 2,380 1-57 
13 1100 4,870 3:21 40 45 be 2,630 1-73 
14 1 5,090 Sao 41 1800 3, 2,980 1-96 
15 30 i 5,130 3-38 42, 15 - 2,850 1-88 
16 45 ns 5,160 3-40 43 30 a 3120 2-05 
LZ 1200 ie 4,340 2°85 44 45 5 3,380 PROD: 
18 15 - 4,400 2-90 45 1900 xe Salo) 2-06 
19 31 16 3,880 255 46 Lone . 3,680 2°42 
20 45 14 BEAD, 2-06 47 30 7 3,740 2-46 
Pall 1300 15 3,090 2-03 48 45 ee 3,740 1-62 
22 16 16 2,170 1-43 49 2000 . 3,740 
23 30 14 2,070 1-36 
24 45 15 2,800 1-84 
WAS 1400 cree 2,960 1:95 FLOOD 2: .. 66,040 feet. 
26 15 - 3,100 2-04 EBB ie Lo KORESRGY op 
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TABLE 20—continued 


Float Run 3.9.35 





Distance Distance 




































































Fix Time Interval Speed Fix Time Interval Speed 
No. | (BS.T.).| (min.). eae (knots). No. | (B.S.T.).| (min.). Beas (knots). 
EBB. EBB. 
1 0800 
2 15 15 2,760 1-82 31 1515 15 260 0-17 
3 30 if 2,720 io vs, 32 30 5 240 0-16 
4 45 id 2,280 1-50 33 45 6 1,030 | 0-68 
5 090 a 1,770 ay) 34 1600 - y 1,600 1-05 
6 15 3 1,340 0-88 35 13 13 1,430 1-08 
7 30 i 836 | 0-55 36 19 | 6 | Shifted Float. 
8 45 i 593 | 0-39 37 30 11 2,500 | 2-24 
38 45 Als; 3,300 2°18 
FLoop. 39 1700 15 3,200) 4 2s 
9 1000 15 669 0-44 40 10 10 1,360 1-34 
Picked up.| 4] 15 5 Shifted Float. 
10 03 3 Streamed. 42 30 15 3,410 + 2-24 
iy 15 12 669 0-55 43 45 rs 4,560 3-00 
12 30 15 1,080 a 44 1800 4,170 2-74 
13 45 r 1,410 | 0-93 45 15 ds 4,580 | 3-02 
14 1100 # 1,740 1-14 46 30 ve 4,740 3-12 
15 15 . 1,740 1-14 47 | 45 oe 4,860 3-20 
16 30 ‘3 2,700 1-73 48 1900 Be 4,520 2-98 
17 45 ss 3,710 2-44 49 15 ne 3,540 2-33 
| 18 1200 5,200 3-42 50 30 7 3,025 1-99 
eee, 15 ra 4,460 2°93 51 45 “ 2,645 1-74 
20 30 - 4,890 3°22 52 2000 - 2,890 1-90 
oe 45 “ 4,950 3-26 
22 1300 5 4,730 iol 
23 15 i 3,910 2°58 
24 30 - 3,820 Zoi 
25 45 : 3,000 P97, 
26 1400 ie 2,180 1-44 FLoop a .. 64,868 feet: 
27 15 5 1,620 07 EBB oe .. eS. 
28 30 5p 1,270 0-84 
ao 45 BS 1,230 0-81 
30 1500 . 890 0-59 
Float Run 4.9.35 
EBB. 28 1415 15 2,520 1-66 
1 0800 29 30 a 2,700 1-78 
2 15 15 2,870 1-89 30 45 i 2,620 1-72 
3 30 nf 2,480 1-80 31 1500 - 2,000 1-32 
4 45 » 1,642 1-08 32 ya A 2,070 1-36 
17S 0900 ‘3 2,310 1252 33 30 7 1,180 0-78 
6 15 re 1,780 1 dy 34 45 a 540 0:36 
\ ae 30 3 1,294 0°85 35 1600 é: 0 
8 45 A 609 0-40 
9 1000 " 0 EBB. 
; 36 15 its 680 0-45 
FLoop. ae 30 as 1,320 0-87 
10 15 15 1,368 0-90 38 45 i: 1,630 1:07 
1] 32 17 570 0-33 39 1700 ee 2,120 1-40 
12 45 13 554 | 0-42 40 15 - 1,790 1-18 
13 49 4 Shifted Float. 4] 30 - 3,540 | 2-33 
14 1100 11 501 0:45 42 45 es 2,740 1-80 
15 15 15 1,580 1-04 43 1800 = 3,330 2°19 
16 20 5 Shifted Float. 44 15 ss 1,540 1-01 
17 30 10 1,043 1-63 45 30 a 1,600 1-05 
18 45 15 2,810 | 1-85 46 45 i 1,580 | 1-04 
19 1200 iS 2,810 1-85 AT 1900 ns 2,210 1-45 
20 15 a 4,020 2-65 48 15 “4 ' 2,730 1-80 
21 - i 4,790 | 3-15 49 30 i 2,970 1-95 
a 5,570 3:67 Beall 2° 
23 1300 i 5,280 | 3-47 si i :: a: us 
24 15 a 4,730 3-12 jaca, Tee 
25 30 ” 4,440 2°92 FLoop. | .. 60,236 feet. 
26 45 ” 3,600 2°37 EBB AY one 49,155 ” 
27 | 1400 5 3,340 2:20 














Float Run 5.9.35 


Fix 
No. 


— te 
NOK COMNDAUNFEWNHe 


13 


14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 


Time 
(5.5. LJ. 


0800 
15 
30 
45 

0900 
15 
30 
45 
52 

1000 
15 
30 
40 


45 
1100 
15 
30 
45 
1200 
15 
30 
35 
47 
53 
1300 
15 
30 
45 








Interval 
(min.). 


EBB. 


15 
10 
FLoop. 


15 





Float Run 6.9.35 


QnNr 


OMND Ua 


10 
11 


13 
14 
15 
16 
17 
18 
19 
20 


1100 
15 
30 


45 
1200 
15 
30 
45 
1300 
15 
30 
45 
1400 
15 
30 
45 
1500 
15 
30 
45 





Ess. 


15 


FLoop. 





TABLES 


TABLE 20—continued 


Distance 























Distance 


237 





























Speed Fix Time Interval Speed 
travelled | (nots). | No. | (B.S.T.).| (min.). | *@velled | (nots) 
(ft.). (ft.). 
29 1400 15 3,450 | 2-27 
30 15 A 3.700 | 2-44 
3,880 | 2°55 31 30 i 3.040 | 2-00 
3,050 | 2-01 32 45 i 3.410 | 2-24 
2.340 | 1-54 33 1500 f 3,550 | 2-34 
2.420 | 1-59 34 15 : 3,590 | 2-36 
2.065 | 1:36 35 30 3 3250 | 2-14 
2.065 | 1-36 36 45 i 2.390 | 1-57 
1,565 | 1-03 37 1600 i 2.260 | 1-49 
Shifted Float. 38 15 3 1,470 | 0-97 
851 | 1-05 39 30 1,050 | 0-69 
973 | 0-64 40 45 : 270 | 0-18 
532 | 0:35 
228 | 0-23 
EBB. 
41 1700 15 480 | 0-31 
Shifted Float. 42 15 fe 850 | 0-56 
471, 0-31 43 30 1,500 | 0-99 
775 | 0-51 44 45 ‘i 1,800 | 1-18 
1,125 | 0-74 45 1800 if 2.960 | 1-95 
1,400 | 0-92 46 15 a 2510 | 1-65 
1,642 | 1-08 47 30 : 3.330 | 2-19 
1,658 | 1-09 48 45 i 3,760 | 2-48 
1,325 | 0-87 49 1900 i 2.680 | 1-76 
Shifted Float. 50 15 - 2.060 | 1-36 
1,628 | 1-34 51 30 . 1,930 | 1-27 
Shifted Float. 52 45 i 2750 | 1-81 
£146 | 1-61 
2160. | 1:42 
2.200 | 1-45 FLoop 50,384 feet. 
3.430 | 2-26 EBB 49,329 ,, 
21 1600 15 2940 | 1-95 
22 15 : 2.260 | 1-50 
502 | 0-33 93 30 2.2960 | 1-50 
243 | 0-16 24 45 a 2100 | 1-39 
25 1700 7 1,240 | 0-82 
26 15 7 900 | 0-59 
152. | ' 0-10 97 30 : 400 | 0:27 
577. | 0-38 28 45 if 0 
820 | 0-54 
13325 0:87 EBB. 
1370 | 0-90 29 1800 15 680 | 0-44 
1.580 | 1-04 30 15 960 | 0-62 
1900 | 1-25 31 30 ‘ 1,270 | 0-84 
2.705 | 1-78 32 45 2 1,910 | 1-25 
2615 | 1-72 33 1900 y 2160 | 1-42 
3.040 | 2-00 34 15 i 2.530 | 1-67 
3.390 | 2-22 35 30 a > Giei-de 41°72 
3.990 | 2-61 36 45 ‘ 4430 | 1-92 
5,120 | 3-36 37 2000 2.010 | 1-33 
4590 | 3-02 
2,790 | 1-84 FLoop 54,224 feet. 
3,000 | 1-98 Eun 18.560 
3.160 | 2-08 , a 
2 EBB 45,500 estimated. 
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TABLE 20—continued 
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; Distance . : Distance 
Fix Time Interval Speed Fix Time Interval Speed 
No. | (B.S.T.). |  (min.). aes (knots). | No. | (B.S.T.).| (Min.). ea (knots) 
| 
EBB. 27 1430 15 1,550 1-02 
1 0815 28 45 be 2,220 1-46 
a 30 15 2,750 1-83 29 1504 is, 3,300 Wes! 
3 45 - 3,090 2-04 30 15 i 2220 1-99 
4 0900 x 2,340 1-54 31 30 15 2,675 1-76 
5 15 . 2,190 1-44 ‘eps 45 2,980 1:96 
6 30 2,080 1:37 33 1600 , 2,840 1-87 
7 45 a 1,945 1-28 34 ie 2 2,950 1-94 
8 1000 i 1,900 1-25 35 30 . 2,630 ° 1273 
9 15 x6 1,885 1-24 36 45 * 2,600 be7Z 
10 30 oe 2,130 1:40 57 1700 nt 2,040 1-52 
11 42, 12 1,385 1-14 38 15 ne 2,590 1-71 
1 45 Shifted Float. 39 30 se 2,620 1:73 
13 1100 15 2,030 1-34 40 42 Le 1,750 15 
14 12 12 1,550 1-28 4] 1800 18 1,770 Un be 
15 15 Shifted Float. 42 15 15 1,210 0:80 
16 30 15 1,825 1-20 43 30 Pa 920 0:61 
17 47 17 1,795 1:04 44 45 se 400 0:37 
18 1223 Float foul of screw. 
19 30 W 350 0-49 EBB. 
20 45 15 395 0:26 45 1900 15 F220 0-80 
21 1300 of 334 0:22 46 15 1,210 0-80 
22, 15 Pe 137 0:09 47 30 1,600 1:05 
48 45 ie 2,600 Iko9/ il 
FLoop. 49 2000 ne 2,870 1:89 
a 30 15 137 0-09 
24 45 - Si 0:34 
25 1400 . 1,048 0-69 FLoop 42,317 feet. 
26 15 is 1,080 0:71 EBB BOLE) 
Float Run 8.9.35 
EBB. FLoop. 
| 0800 29 1530 15 289 0:19 
2 15 15 1,570 1-03 30 34 Shifted Float. 
3 30 PAL 1:17 31 45 11 258 0:23 
4 45 2,350 1255 Oe, 1600 15 609 0:40 
5 0900 - 2,410 1-59 oo 15 ‘, 851 0:56 
6 15 "a | 2,935 1-93 34 30 Ba 1,004 0:66 
7 30 a 1,915 1-26 35 45 Fs 1,156 0-76 
8 1045 Float foul. 36 1700 a ae 0:73 
9 1100 15 2,780 1-83 37 15 be L310 0:86 
10 15 *s 2,310 1-52 38 30 - 1,430 0:94 
11 30 * 2,400 1-58 39 45 pe 1,560 1-05 
iO? 45 . 3,010 1-98 40 1800 a 1,340 0:88 
13 1200 re 2,980 1-96 4] 15 $e 1,885 1-24 
14 05 Shifted Float. 42 20 Shifted Float. 
15 15 10 2,995 1-46 43 30 10 609 0-60 
16 30 15 2,815 1-85 44 45 15 760 0-50 
17 45 - 220 1-66 45 1900 is 699 0:46 
18 1300 2,555 1:68 46 15 - yey 0:35 
LS 15 2,265 1-49 Too dark to fix. 
20 30 1-735 1-14 
21 45 1,565 1-03 
22 1400 897 0-59 
oS: 15 745 0:49 
24 30 - 699 0:46 
25 34 Shifted Float. FLoop 15,401 feet. 
26 45 ia) 426 0:38 EBB 46,285) 5, 
22 1500 15 380 0:25 
28 15 - 243 0-16 






































Float Run 9.9.35 


Fix 
No. 
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Float Run 10.9.35 
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13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
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Speed 
(knots). 


— 


NO = be 


— 


oro 


—_— 


NNNNNNH HHO oO 


Time Interval ee Speed Fix Time Interval Distance 
eT) Gn); Peeled nnotal 1 No. | (S20) | Gani) | Pavelet 
(it: (it. 
0808 12 1042 13 2,385 
1S y 870 [Logis 13 53 Shifted Float. 
55 40 3,180 0-78 14 1100 7 1,065 
57 Shifted Float. 15 10 10 2,630 
0915 0 16 30 20 3,880 
30 15 iL iGAG, 0:77 17 57 9 5,590 
[sive 22 3,280 1-47 
1000 8 1,430 1:77 
15 Insufficient readings. 
24 24 4,440 1-83 Distance travelled taken as mean between 
29 5 1,095 2-16 8.9.35 and 10.9.35. 
FLoop. 29 1500 15 2,690 
0800 30 15 fe 2,550 
15 15 4,700 3-08 31 20 Shifted Float. 
30 Ps 4,480 2-95 32 30 10 1,400 
45 * 3,790 2-50 33 43 13 PMB 
0900 fF 2,390 1-59 34 47 Shifted Float. 
15 5 3,060 2°02 35 1600 13 1,370 
30 iy 2,430 1-60 36 15 15 1,915 
45 He 1,880 1-25 Oo 30 A. 990 
1000 ef 1,430 0-95 38 34 Shifted Float. 
15 - 770 0-51 39 45 its! 1,310 
30 ‘ 160 0-11 40 1700 15 760 
EBB. FLOOD. 

45 15 670 0-44 41 Iles 15 0 
1100 ae 1,540 1-02 42 Di 12 425 
15 ie 2,460 1:62 43 31: | Shifted Filoat. 

30 - 3,070 2-01 44 45 14 1370 
45 a: 4,600 3:02 45 1800 15 1,810 
1200 ms 5,030 Soll 46 15 A 2,370 
15 5 5,620 3-70 47 30 - 2,960 
30 = 5,440 3:58 48 45 Fe 3,470 
45 oe 5,090 Bios to) 49 1900 oe 3,280 
1300 KA 4,075 2-68 50 ilies A 3,410 
15 Ee 3,620 2-30 51 30 a 3,620 
30 - 3,880 2-55 Be 45 : 3,880 
45 - 3,780 2-49 5S 2000 fs 3,840 
1400 s 3,530 JIS 7, 
15 ha 3,090 2°03 
30 ie 3,150 2-03 FLoop 55,525 feet. 
45 3,010 1-98 EBB 76,770 





o 16972 


“81 


*50 
-60 
‘91 
04 


“80 
*67 


*38 
-67 


-93 
-28 
64 


“00 
-50 


-35 


7, 
-20 
°56 
-95 
- 28 
-18 
-26 
*40 
-97 
“54 
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TABLE 26—Composition of Surface Samples from Inter-Tidal Deposits in the Upper 
Mersey Estuary 
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i Moisture =e a 
4 er cent. ‘ : ratio Pr : 
(p ) Loss on | Organic | Kjeldahl SiO, eM ode, LAER eet CaO 
ignition | carbon | nitrogen oxides 
S ~~ 
144 31:4 6:9 1-44 0:10 14:4 WES oa| 2°9 6-9 9:8 4:0 
145 oot 2 8-4 ee 0-17 6-9 73°9 3°4 7°4 10:8 5:2 
146 44-7 16:6 1-73 0-15 11-5 58°6 4:6 11-0 15:6 4-0 
147 35:4 10°5 1-83 0-15 122 66-4 3:6 9:6 ho: 4-8 
148 34°8 8:6 0-57 0-16 3:6 69-4 3°4 8-6 12-0 4:6 
149 45-6 10-6 1-58 0-20 7:9 67-2 3°6 9-1 12-7 4:5 
150 39-1 10-0 1-07 0-10 10-7 68-7 3°5 8:3 11-8 4-3 
151 Sid 17°5 aE ps 0-18 15-1 52-9 5°5 9-5 15-0 4-6 
152 39-2 15-2 1275 0-15 Lis7 64-4 3°8 9-4 13-2 4-4 
153 39:7 13-4 1:76 0-18 9:8 58-0 5-4 13-0 18-4 4-3 
154 48-4 11-2 2°45 0-24 10-2 61-6 4:6 10-8 15-4 4:9 
155 42-9 9-8 1-6] 0-20 8-1 66-8 4:0 9-2 1s:2 4-9 
156 52.7 11-5 2°44 0-24 12 60-1 4:6 11-4 16-0 4-2 
ey, 56:1 ee 2°50 0-25 10-0 58-2 4-7 11-9 16:6 4-8 
158 42-7 13-4 3°27 0-27 paca | Do] 6:2 14-2 20:4 4:6 
159 36°8 11-6 2-58 0-21 12-3 58-9 Reo 1923 17:5 4-6 
160 24-0 4:1 0-46 0-03 15-3 82-8 1-6 5:0 6:6 3°4 
161 14-9 9-0 0:36 0-04 9-0 58-7 Sal 14-0 19-1 5:0 
162 21e2 3:9 0-27 0-03 9:0 84-2 1-4 4-6 6-0 3°2 
163 29°3 G77 0-89 0-07 12:97 73:4 2°8 7:0 9-8 4-9 
164 A Daca) 11-8 2-06 0-19 10°8 58-1 a7 13:3 19-0 4-4 
165 35-1 9-5 1-42 0-14 10-1 64-3 4:4 10-9 15:3 4:6 
166 35:9 10-4 2°05 0-21 9:8 62-7 4-3 11-4 15-7 4:9 
167 33°6 8-1 1-08 0-10 10-8 70°3 So 7, 9-0 12-7 4:3 
168 23°3 4°5 0-42 0-03 14:0 81-7 aa | 4-8 6-9 3°9 
169 YAR) 6:5 0-58 0-06 ver, This HAS 6-4 8:6 4-3 
170 g1-3 Ted 0-73 0-10 13 74:7 2-4 6:8 9-2 4-7 
171 34-0 8:8 1-00 0-10 1:0 69-9 2°8 7°4 10-2 5-4 
172 30°5 6:6 0-79 0-11 Fe2, 76:5 224 6-4 8-8 4-2 
173 29:5 10-8 2:06 0-15 Lga7 64-2 4:3 10:5 14:8 ..| 5:0 
173A 31:9 10-2 — cual = aes = ae wee 
173B 31-6 11-2 — — = ax = pees as 
174 33-2 10-7 1-60 0-16 10-0 63:3 4:8 pe | 15-9 4:4 
174A 34:4 9-] —_ _ aie ne = aa ee ase 
174B! 36°8 10:9 — ue a3 Fe a a = = tom 
174B? 39-4 11-8 — ses <2 = mee hed eee Lace 
175 30-1 9-8 1-76 0-13 13-5 67-2 4-4 9-5 13-9 4-2 
176 36°3 9-2 1-57 0-11 14-3 66-4 4-3 9-8 14-1] 4-2 
176A 36-6 10-7 — =i a ae as — eee: ee 
176B 31-8 9°3 a =a nat os oe sot we 
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177A 30°5 9-4 — —=3 es = me, es ty 
177B! 35-0 10°5 —— = ae ae ree =e aes ge 
177B2 40-4 10-9 — a aes ae a, an = veh? 
178 28:7 7°6 1-08 0-11 9-8 68-7 3°8 9-2 13-0 4-6 
178A 30°9 8-9 dass ae ee Bes i a os. ats 
179 30-4 5° 0-49 0-07 7:0 77:6 ae | 6-2 8-9 a0 
180 46:5 13-4 1-93 0-21 9-2 52-8 6-7 14:7 21-4 4:5 
181 re Ve) 9-5 2-28 0-25 9-1 68-8 3:6 8:5 12*1 4:8 
182 34:8 L537 2:82 0-25 11-3 54-0 6-0 12-2 18-2 4:5 
183 38:2 13-9 Zoe 0-19 13-3 59-7 5:0 17 16-7 4-6 
184 37°5 11:5 2°43 0-17 14:3 61-5 5:0 £142 16-2 4:3 
185 35-4 10-8 1-86 0-16 11-6 63-2 4:9 10-9 15-8 4-3 
186 36:3 11-0 2-39 0-16 14-9 64-3 4-3 10-3 14-6 4:5 
187 51-9 12-4 2°85 0-26 11-0 59-6 4°8 11-6 16-4 5:0 
188 52-6 11:3 2°36 0-20 11-8 60-5 4-5 11-3 15-8 5:0 
193 50-2 14-0 3-41 0-32 10:6 54-6 3:7 15-3 19-0 5:0 
194 45°6 12-7 3°45 — — 56-2 4:6 15-7 20°3 3°9 
195 45-0 11-2 2°57 0-17 15-1 61-5 oy 14-1 17:8 4-1 
196 60-0 13-7 3-13 ee .- 55-1 4:0 14-9 18-9 Se] 
197 41-1 11-0 2.97 ree 4 60°6 3-8 13-9 17-9 3-6 
197A 49-1 13-6 _— Es va aes = a aoe es 
197B 62-0 15:6 axe te eee io 2s phe: 
198 53-9 14:6 3:4] 0-36 9-5 te Voaps 4-1 15-1 19-2 5:0 
198A 57°8 15-0 ~y Sy — ae ke oe vo 
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Sample | Moisture 
No. (per cent.) 
Loss on 
ignition 
Ss 
250 | 35:0 -— 
251 | 40-9 — 
253 | 40-8 | — 
254 | 35-1 — 
255 | 58:8 | — 
256 | 37-8 | — 
257% | Sak -— 
258 | 31°5 — 
209} Zoe I — 
260 | 40-8; — 
261 39°5 — 
262 | 33-8 | — 
263 | 41-2) — 
264 |-33°-5 —— 
265"1-32°7 — 
266. | 29-9 os 
267 | °33°3 [= 
268 | 38-2 — 
269° | 59-0 — 
270 | 30-1 = 
271 22:3 | — 
272. | Bos | = 
273 L738 _— 
274 16-0 —- 
275 6-2]; — 
276 17-6 —- 
277 18-8 | — 
278 oo ine Je |e 
219 Gee — 
280 18-6 _- 
281 17-6 -—— 
282 18-0 — 
283 | 20-0 | — 
284 | 60-0 — 
285 | 643 |) = 
286 | 64-7 — 
287- | 6d*6 | == 
283 | 6L-9 — 
2a0 1 6a — 
ZION O77 — 
291 fie — 
307 58:4 — 
308 48-+7 —- 
309 | 36-5 --- 
310 33°3 — 
311 33°8 | — 
312 | 60-7 — 
314 | 66-°6:) 
315 o2°7 — 
316 | 39-5 — 
317 49-0 — 
318 49-8 — 
319 26:5 — 
320 215 — 
32] 26:3 — 
322 | 30:4) — 
323 | 36°5 — 
324 | 42-9 — 
329 94, 66-6 } = 
326A} 40-9 — 
3265) °39°9 | == 
326C | 40-3 | — 
326D] 40-1 — 
326E| 37-7 | — 
327 | 43-0) — 
328 | 53°4 | == 
329 | 57-4) —= 





CN eENNENWONN HK KOH NNNWNWHWHENWWHWWHHDWWOOOODOOCCOOCCONOHNOOOHHNHHNOCOHNNNWNH 


ioe) 
ioe) 
ese 





Organic 
carbon 


63 
28 
09 
60 
65 
O1 
15 
98 
vii 
64 


13 
38 
08 


19 
<0 
4] 
-24 
-62 
ao 
‘68 
a2 
-00 
-00 
‘Ol 
-23 
“02 
“05 
-06 
“Ol 
‘Ol 
| 
“45 
89 
95 
25 
09 
09 
13 
*45 
°37 
*65 
*45 
‘O01 
“22 
64 
-28 
34 
17 
71 
“32 
‘Ol 
-62 
ay | 
-46 
35 
26 
15 
15 
90 
07 
Ol 
88 
“96 
71 


49 | 


86 | 








Kjeldahl 
nitrogen 


20 
22 
23 
25 
25 
17 
13 
11 
06 
20 


17 


ips) 
“21 
-08 
“16 
-08 
31 
-09 
‘08 
OVA 
‘Ol 
00 
01 
Ol 
01 
-00 
Ol 
00 
“00 


04 
35 


-39 
-30 
-26 
-30 
-18 
ava, 


13 | 
18 | 


00 | 


34 © 








TABLE 26—continued 










Per- 
centage 
of dry 
weight 


Percentage of dry weight 


Sample | Moisture C/N 


C/N 
No. (percent.)| ———— en e ratio 


ratio 















































Loss on | Organic Kjeldahl 
ignition carbon nitrogen 
S 

8-2 330 | 54-8) — 2°98 1 035 8:5 
10-4 331. 4°3027>) == 1:48 | 0-14 10:5 
13-4 332°) 50° f 2°20. 1 O-21 10-5 
10:4 333 | 33-4 — 1-39 0-12 11-6 
10-6 334 | 39-5 | — Le7d 0-15 11-4 
11-8 335 | 47-1 — 2°76 | 0:24 LLes 
8-8 336°) 5128: == 2°81 0-29 9-7 
9-0 S07) 3) fo) 2°80 | 0:24 11:7 
12:8 308) ) 421 2:12) | Oto 11-2 
13-2 339 147-3 1-84 0-20 9-2 
11-5 340 | 50-4] — 2-66 | 0°27 | 9-9 
6:7 341 | 51-1 — 3°10 | 0-27 11-5 
13-2 342 | 51-2 — 3-28 0-29 11-3 
O77 343A) 64:4 | — 4:25 | 0-42 10:1 
8-9 343B) 62-2 | — 3:72 | 0-41 9-1 
2-4 343C} 65-6 | — 4-2] 0-47 9-0 
2:4 343D) 65-8 | — 4:13 | 0-47 8-8 
a1 DAD ADB ee 2°25 | 0-22 10-2 
me 345 | 42-4 == 2:26 0-24 9-4 
18-0 346 | 39-4) — 2°00 | 0-25 8-0 
8-9 O47) 6) ou 2:29 0-19 12-0 
9-9 348 | 32°94 — 2-27 | 0-2 10-3 
2-0 349 | 58-5 | — 3:18 | 0-39 8-2 
— 300°) 54-94) = 3-22 | 0-40 8-1 
— 351) 757: Oa = 3:70 | 0-35 10-6 
1:0 302 | 56°5 | = 3:40 | 0-39 8-7 
2°3 30S" 5422 eee 3°53 0-33 10:7 
— 394 | 38-6 | — 2°79 | 0-26 10-7 
O70 355 | 72°8 | 16-4 = es ae 
— 356 | 70-1 | 16-3 — = — 
— 357 | 37-8 fist ten ae — 
oe 358 | 44°3 | 11-0 == ee a 
2°8 359 | 25:8 | 14-9 | 2°64 0-25 10-6 
ee) 360 | 26-7 | 14-6} 2°95 0-23 12°8 
11-4 361 | 31-4) 11-7] 29625) es 10-1 
2-0 362 | 30:7 | 12-9 | 2°73 | 0-26 10-5 
4-2 363 | 25:9 | 9-9} 1-74 0-16 10-9 
Wr 364 | 44-0 | 13-5] 3:14 ODay 11-6 
10:3 365 | 36°5 9-3 2-39 0-25 9:6 
6:3 366 | 36-8 | 9-2 | 2-50-; 0°23 10-9 
11-9 367 | 45-7 8-5 2°28 0-17 13-0 
10-5 368 | 64-4 | 16-1 | 3-93 | 0-41 9-6 
13-3 369 | 68:9 | 16-1 | 3°47 Q-37 9-4 
8-1 370 | 50-2] 10:9 | 2-05 O22 9-3 
14:3 371 | 54:1) 13-6 } 2-75 0-29 5-5 
9-4 372 | 43-7 | 11-3 | 2:81 0-23 iZ-2 
11-4 373 | 38-0] 8-9] 2-00 | 0-16 | 12-5 
7°4 374 | 60:3 | 15-4 | 3-55 | 0-34 10-4 
10-8 StS) 47°64) Fe 2°88 | 0:26 11-4 
11-4 3/6 4) 5533 = 3°32 OrZ7y 12-3 
9-7 377 | 59-2 a Oe 0-28 11-3 
11-6 3/8) 64°61) ha 3:40 0-28 {2-3 
10-1 3/9..| 53°85) == 3°02 0:27 11-2 
12-4 390: 15773 |) = 2°81 0:27 10-4 
13-9 381 | 46-8 | — 3-10 0-28 11-1 
14:6 382 | 48:0 | — 2°98 | 0-30 9-9 
12-4 383 | 34-1 — 1:97:| 0-16 12-3 
11-9 oot.) S132 1:38, }. OF1g 12-5 
Ate 30001 2945.4) ee 1-28 -} 0212 10-7 
11-3 BOO Te S25 ae eee Lod2h) Osta 7+5 
10-6 387 | 35-7 — 2° 2i «| O16 14-2 
11-5 388 | 28-1 — 1-52 |} O-14 10-9 
1270 389 | 42-1 — 2°12, 0-21 13-0 
11-8 390 | 40-1 — 2:46 | 0-19 13-0 
11-4 S91 AR Sele 2°94 | 0-21 14-0 
8-5 392 | 55-1 — 4:34 | 0-39 11-1 
8-4 393.1} 58°04 == 3:69 | 0-39 9-5 
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TABLE 26—continued 


Percentage of dry weight Percentage of dry weight 















































Sample Moisture C/N Sample Moisture C/N 

No. (per cent.) Loss on Organic Kjeldahl ratio No. (per cent.) Loss on Organic Kjeldahl olat 
ignition carbon nitrogen } ignition carbon nitrogen 
Ss S | 
394 58°7 — 3°90 0-36 10:8 410 33-7 — 1-64 0-14 By, 
395 38°3 — 2°23 0-19 t?7 411 30:7 a= 1-40 0-13 10:8 
396 42°6 — 3 20 0-26 12°5 412 28-7 — 1-27 0-10 12-7 
397 56°6 — 3°77 0-35 10-8 413 39-6 — 2°46 0-18 13-7 
398 38:3 — 1-94 0-14 13-9 414 30:7 — 1-69 0°15 11:3 
399 38:5 — 2°43 0-20 12-2 415 34°5 — 2°35 0-18 13-1 
400 30°5 — 1-40 0-13 10:8 416 34-2 — 296 0-28 10°6 
401 38-2 — 2:06 0-14 14-7 417 51:1 — 3°39 0-30 11-3 
402 31-4 — 2-40 0-18 13-3 418 31-2 = 277 0-22 12-6 
403 44-5 — 2°81 0-23 12-2 419 53:7 — 3-10 0-28 11-1 
404 DL'S — 3°97 0-29 12-3 420 44:6 a 2°62, 0-23 11-4 
405 42-1 — 2°26 0-19 ied 421 41-0 — 213 0-20 10-7 
406 41-2 — 2-02 0-16 12-6 422 40-2 — 2227 0-17 13-4 
407 | 39-7 — 1-82 UF t7 10-7 423 61-8 — 3°17 0-33 9-6 
408 44-3 || — 2:57 0:23 11-2 424 45-1 — 2272, 0-18 12-3 
409 42-4 — 1-93 0-18 10-7 425 30°3 -— 2°29 0-12 19+1 
| 
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TABLE 35—Composition of Mud from Salt Marshes on the Shores of the Mersey 





























Estuary 
Percentage of dry weight. hee ary 
. AS 9s RON i aaa aes pa ame am ae 
Sample No. Homie Carbon 
(percent.).) Toss on | Organic | Kjeldahl | Nitrogen. Sesqui- 
Loss . itrogen. Silica esqul 
ignition. | carbon. | nitrogen. oxides. 
Seat ae 29-0 oS 1-20 0-13 9-2 60-6 16:8 
poets 35-9 — 1-90 0-17 Lies — = 
et ae va | = 1-40 0-13 10:8 — 2 
yer 24-0 — 2-25 0-15 15-0 = —— 
ei b IPN 35-1 — 3°27 0-23 14-2 — =< 
» 20D1B 24-5 a 0-34 -— = — — 
eG 31-4 — 1-52 0-15 10-1 — — 
», 20D1D 29-5 -— 1-58 0-14 11-3 — — 
ecole: 18-8 — 0-17 — — — — 
Pees: Bane 31-7 10-3 2-28 0-24 9-5 65-2 19:9 
eet OAT 23-8 12-0 1-67 0-16 10-4 64-4 19-1 
he « 14-8 4-9 0-48 O-12 4-0 Pp eN 12-3 
fy ys Paaee 16-2 8-6 0-31 0-05 6-2 69-1 15-5 
eae A 23-8 8:7 1-78 0-07 25-4 70-1 12-2 




















TABLE 36—Composition of Boulder Clay from Cliffs on the Shores of the Mersey 


























Estuary 
Percentage of dry weight. alee we a 
Moisture BB: ‘- 
Sample No. (per cent.) Carbon 
P "| Loss on Organic | Kjeldahl Nitrogen. Silica Sesqui- 
ignition. | carbon. | nitrogen. ; oxides. 
Us a2 7°5 — 0-05 — 64-6 18:2 
eae), 5 26°5 8:7 ~-- 0:05 — 60-6 16-3 
es ye 8:8 6-4 Or12 0-01 12-0 67-7 15-5 
pe 24-3 6-1 1-50 0-10 15-0 69-3 15-1 
on ae 7 — 0-47 0-06 7:8 — — 
ee ae 6-6 — 0-33 0-02 16-5 — 
ae 5:0 — O-27 0-02 13-5 -- — 
ae 11-6 — 0-60 0-07 8:6 -= — 
eee 2:6 — 0-38 0-02 19-0 —- — 
rae 7°3 — 0-17 0-01 17-0 -- — 
ate) ae 41-3 — Oe t7 0-03 a°7 —- — 
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TABLE 39—Composition of Suspended Matter in Fresh-Water Streams discharging 
into the Mersey Estuary 




















Percentage of dry weight. earn As ua 
Stream from which Ratio : 
suspended matter was _Carbon_ ; 
taken. Loss on | Organic | Kjeldahl | Nitrogen.) oi. Sesqui- 
ignition. | carbon. | nitrogen. oxides. 
River Mersey ps lbp. 0-82 8-9 — 
fe — 8-9 1-08 8-2 — a 
. 50-2 28-1 2°78 10-1 2149 23-0 
: 38°5 19-5 1-56 125 31-3 25-9 
y 41-3 31-8 2-41 13-2 25-6 25-4 
‘ 44-9 24-0 3-00 8-0 PANG) 30-0 
- 25°7 20°5 1-47 14-0 36-7 31-8 
: 40-5 21-8 1-85 11-8 24 +3 28-6 
Sankey Brook a 36-5 1-58 23-1 — — 
"f 71 0-83 8-6 — 
* — 4-7 0-51 a2 — — 




















TABLE 40—Composition of Samples dredged from the Bed of the Manchester Ship 



































Canal 
Decne Percentage of dry weight. ets ary, 
above Hh nai ctire-| cea nl ee Ratio : 
Sample No. | Eastham aa : t Carbon 
Locks Fen eo, Loss on | Organic | Kjeldahl | Nitrogen. Sili Sesqui- 
(miles). ignition. | carbon. | nitrogen. ne oxides. 
| 
MSC ol 0 G7*1 16:3 2°43 0-33 7°3 —~50°6 1925 
2 3 58:3 1271 2-01 0-23 8:8 OL 7-1 
4 7 61-1 13-3 1-93 0-25 7:7 58-9 17:1 
5 9 63-4 13-7 2°13 0:27 7:9 58-0 18-0 
6 13 64-8 14-0 3:44 0:32 10-7 57°8 16:8 
7 17 18-6 -— 0-63 0-04 157 — == 
9 20 54:6 10-0 3°52 0-27 13-0 yp i 14-3 
10 23 67-0 16-4 5:36 0-50 10-7 62-8 17-1 
11 26 70°8 20-4 9-76 0-71 13-7 46-8 23-0 
14 31 85-7 35°8 15-10 1-25 12:1 36-4 24-1 
15 34 56°+7 17-4 8-57 0:43 19-0 63-3 15-8 
16 0 59°5 — 3:16 0-48 6-6 os == 
17 3 68-4 — 3-58 0:59 6-1 —— oe 
18 20 66-0 5:59 0-29 19-2 — — 
19 7 62:3 — 2°65 0-28 a9 _ 
20 9 46-2 — 2°30 0-13 77 —< — 
21 13 45-0 — 3°36 0-12 28-0 = = 
22 17 22°4 -— 2:38 0-03 79°0 = — 
23 18 23 +2 — 0-82 0:05 16-4 a =; 
24 23 58-7 -- 9-49 0-45 21-1 — = 
25 26 66-1 — 10-68 0-86 12-4 | = = 
26 29 20-9" -= 0:94 0-09 10-5 — — 
27 30 29-8 a 3:99 0-33 12-1 ane = 
28 31 62:5 — 6-96 0-45 15:5 — — 
29 34 55:3 _ 8-61 0:30 28-7 = = 
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TABLE 42—Organic Content of Samples dredged from the Channels and Submerged 
Banks in Liverpool Bay 









































Organic Kjeldahl Organic Kjeldahl | 
Po carbon nitrogen ate carbon nitrogen 
oe aan (per cent. | (per cent: aa ee (per cent. | (per cent. 

; P i of dry of dry ; P vs of dry of dry | 

weight). weight). weight). weight). | 

18-2 0-25 0-05 B 156 30-3 0-80 O-0n = 

46-4 1-55 U-37 157 24-1 0-25 0-05 | 
20°9 0-19 0-03 158 23°7 0-71 0-05 
17-0 0-45 0-03 159 27:3 0-94 0-06 
17-0 0-39 0-04 160 Pa ane | 0-72 0-05 
20-5 0-31 0-02 161 21-9 0-68 0-04 
19-3 0-50 0-04 171 24°5 0-13 0-05 
21-4 0-47 0-05 172 33°6 0-59 0-07 
45°6 1-80 0-18 173 28:8 0:97 0-06 
28-9 0-90 0-07 176 23 +3 0-43 0-03 
39-0 0-89 0-09 177 21+5 0-37 0-05 
229 0-36 0-03 178 20-6 0-19 0-06 
12-9 1-44 0-06 183 17-0 0-22 0-02 
41-1 1-02 0-13 187 18>7 0-10 0-02 
15-3 0-40 0-03 192 20-9 0-29 0-02 
21-8 0-38 0-03 193 17-3 0-24 0-01 
33° 1 1-57 0-12 194 Wes: O=99 0-01 
a | 0-27 0-05 197 26-3 0-76 0:07 
18-0 0-40 0-04 199 30-5 0-52 0-05 
36°6 1-42 Osi t 216 20-7 0-57 0-03 
26-2 0-52 0-05 217 23-1 0-36 0:05 
37°9 1-5] 0-16 218 22-7 0-60 0-03 
20:1 0-69 0-07 229 19-2 0-50 0-01 
9:9 0-60 0-05 232 32-1 0-66 0-07 
27-0 0-55 0-04 237 21-6 0-27 0-04 
37°8 0-31 0-10 238 23-5 0-37 0-05 
28-8 0-62 0-05 239 20-8 0:16 0-04 
19-0 0-14 0-01 240 18-2 — 0-01 
23°9 0-85 = 241 17-2 0-05 0-01 
50°5 1-37 0-14 242 18-0 0-01 0-01 
45-3 1-28 0:09 243 Via 0-05 0-01 
38-4 1°95 0-13 244 18-2 0-01 0-01 
Pas el 0-64 0-06 245 17°8 0-01 0-01 
23°7 0-45 0-03 246 17-4) 0-00 0-00 
38-3 0-94 0-10 247 17-3 0-05 0-00 
24-2 0-45 0-04 248 29-3 0-51 0:08 
W726 0-19 0-01 249 18-5 0-16 0-03 
18-5 0-17 0-02 250 31-1 O:7i1 0-09 
20-9 0-33 0-02 251 17-6 L=72 0-04 
17-4 0-16 0-01 258 26-9 O-7/ 0:08 
21:9 0-54 0-04 260 42-8 2-03 0-20 
22-1 0-35 0-03 263 62-8 2-18 0-25 
22-4 0-45 0-05 264 46-4 2°28 0-24 
36:8 0-54 0-10 265 25°8 0-42 0-04 
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TABLE 44—Composition of Mud (separated from Sand by Sedimentation) in Samples 
from the Bed of Liverpool Bay 






































Percentage of dry weight. 
Sample 
a Organic BCLs Loe Silica. Sesquioxides. 
carbon. nitrogen. ignition. 

Beat 2-89 0:25 2 36:1 — 
2 2-63 0-16 11-6 59-1 — 
3 1b 0-10 i:3 Tac2 a 
4 1-2] 0-18 Il-7 58-9 — 
5 _- 0-10 o-1 63-9 — 
6 2-01 0-13 | 8:8 66-5 —- 
7 3°43 0-19 10-9 60-8 — 
8 1-24 0-04 4-7 82-1 -= 
9 2°61 0-20 10-5 69-4 — 

10 2°10 0-13 8:5 69-0 -— 
11 1-47 0-05 6-8 73°6 — 
ig 1-24 0-04 6-3 75°5 — 
85 2°67 Q-27 14-9 ol? 24-3 
89 1-68 0-15 950 68-6 13-6 
101 1-60 0-17 10-5 62:6 15-8 
122 | ay 0-15 — a = 
140 1-67 0-16 6-2 63-1 13-8 
151 2-47 0:26 15-3 54-2 20-9 
153 1-80 0:22 13-0 58°8 17-0 
155 2-31 0-25 14-1 55°6 19-3 
158 2:54 0-27 13-9 54-0 29 2 
161 1-66 0-23 13-6 54:1 22°Q 
172 2-44 0-30 14-4 54:1 21°6 
176 3-02 0-31 erp 92:1 20-4 
193 0-90 0-26 15-9 52-0 2271 
194 1-55 0-27 15-2 54-9 20-6 
ao. 2-38 0-27 14-4 54°6 21°8 
199 1-03 0:27 14-6 59°0 20-0 
201 23! 0-28 16-9 51-0 “19-3 
207 2:30 0-51 16-2 63-7 13-5 
209 bosZ Q= 22. 14-7 53:0 21°8 
215 1-65 WELe 13-3 55:0 20-0 
216 1-80 0-21 12-7 56:7 18-5 
217 2°25 0:29 14-4 53°3 21°5 
218 2-07 0:27 14-1] 51-6 22-5 
229 2°33 0-19 13-3 55°7 20-0 
232 2°03 0-22 13-4 56:6 18-8 
237 0-88 0-21 12-7 56:5 19-9 
238 1-60 0-15 11-8 57-4 18-6 
239 1-30 0-23 12-9 53°5 21:3 
240 2-40 0-29 14-0 52-3 21-3 
248 198 0-25 12:7 57 °9 18-3 
249 2-09 0-25 11-5 59:9 17-9 
250 1:96 0-22 12:0 97°95 19-0 
251 2:09 0-22 12-4 57°9 19-6 
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TABLE 45—Composition of Mud (separated from Sand by Sedimentation) in 
Surface Samples from the Stanlow Bank, Upper Mersey Estuary 
































Percentage of dry weight. 

Sample ee a = 

No. g : 
Organic Kjeldahl Loss on Sili S ee 
carbon. nitrogen. ignition. ear | pasha ecm 

S 250 3-54 0-30 15-9 51-0 22-0 
251 2-74 0-28 14-4 52-1 23-0 
253 3-18 | 0-30 13-9 53-6 23-6 
254 3-29 0-24 14-3 51-4 93-3 
255 3-36 0-29 14-2 53°5 20+7 
256 2°75 0-24 14-5 54-5 21-6 
257 3-14 0-28 14-6 45-6 20-6 
258 1-70 0-25 12-0 60-0 16-6 
259 2-4] 0-29 | 14-7 54-8 | 19-0 
260 1-92 0-25 14-6 55-0 21-3 
261 2-53 0-26 14:8 56-9 17-7 
262 2-49 0-23 15-9 56-0 18-4 
263 2-92 0-26 13-1 54°4 21-5 
264 1-79 0-24 13-5 57-2 18-4 
265 2-07 0-20 11-6 60-3 17.3 
266 9-72 0-32 15-6 53-3 18-8 
267 2-78 0-37 14-2 54-1 20-6 
268 1-74 0:35 13-9 oie 19-8 
269 3-86 0-29 14-1 54-6 19-6 
270 3-33 0-25 12-0 58-7 19-3 
271 2-06 0-17 9-9 60-2 | 22-0 
272 2,9) 0-38 / 14-9 51-0 22-8 
273 = a 13-8 53-6 21-8 
274 2-58 0-30 = is = 
275 3-08 0-39 ore = == 
276 3-02 0:39 15:5 50-0 24-9 
277 3-01 0:36 15-9 51-0 21-9 
278 1-78 0-18 cs _ <i 
279 2-00 0-25 =n ae ot 
280 2-53 0-32 15-2 52-6 21-6 
281 1-39 0-18 a awe = 
282 0:85 0-15 9-5 63-9 15-6 
283 1-37 0-13 = ms ne 
284 2-59 0-33 14-4 52-2 21-7 
285 3-48 0-42 14-7 51-9 | 91-7 
286 3-49 0-42 | 15°5 52-3 22-3 
287 2-97 0-46 | 16-2 56-9 23-4 
288 3-58 0-29 13-3 | 55°5 | 20-0 
289 3-17 0-34 13-4 56-0 19-2 
290 2-78 0-30 13-5 57-0 22-4 
291 3:46 0-40 16-2 | 50-2 23-9 
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TABLE 46—Organic Content of Samples from the Bed of the Irish Sea 


























’ ; Organic carbon | Kjeldahl nitrogen 
Sample Moisti e ie cents Of oe cent. of 
No. (per cent.). | dry weight). dry weight). 
LSo12 39-0 0-64 0-09 
13 28°6 0:41 0-05 
14 24-7 0-37 0-06 
15 29-4 0-41 0-06 
16 32°23 0-65 0-06 
17 18-5 0-22 0-03 
18 16-1 0:17 0-01 
19 16-1 0-04 0-01 
20 16:7 0:17 0-01 
21 16-7 0-18 0-02 
22 13-1 0-12 0-02 
23 15-6 0-24 0-02 
24 15-4 0-20 0-01 








TABLE 47—Composition of Mud (separated from Sand by Sedimentation) in Samples 
from the Bed of the Irish Sea 























Percentage of dry weight. 
Sample 
a apes sein: eee Silica. | Sesquioxides 
carbon. nitrogen. ignition. : ‘ : 

Toe 1-43 0-24 14:6 51-9 181 
3 1-79 0-28 1637 47+7 19-3 

4 1-81 0-26 15:3 50°8 19-3 

7 4-83 0-93 23° 1 42°5 18-7 

8 2:72 0-42 19-4 42-8 20-4 

9 17a 0-26 16-6 46-8 1937 
10 1-13 0-18 127 53°9 23°8 
11 1-22 0-18 12-4 57:0 16-6 
13 0-70 Ool7 12-2 55°4 20-1 
14 ini) 0-15 11-5 57°3 21-8 
15 1-65 17 Lis 56-2 21°8 
16 1-49 0-14 10°5 58-4 20+9 
7 1-38 0-14 10-6 59-0 1971 
18 1-58 0-19 11-3 57°3 igre 
19 2-26 0-20 12-7 54:7 20-4 
20 0:79 0-10 127 54:4 19-4 
21 1-68 0-21 12-5 55°7 1S77 
22 L357 0:19 12-3 56:1 20-4 
23 1-85 0-20 12-5 56°5 20-3 
24 0-99 0-23 14-0 53°8 19-2 
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TABLE 48—Composition of Suspended Matter from the Mersey Estuary 





Percentage of dry weight. Percentage of dry 








Concentration Geb weight. 
Sample of suspended ode 
matter 
ale (parts per Loss on | Organic | Kjeldahl ae. Silj s esd 
100,000). ignition. | carbon. | nitrogen. oes eee ig a ape 
S.M. 2 9:7 21-9 4-40 0-37 11-9 43-4 22°5 
3 0-8 21:5 5-00 0-54 9-3 44-6 24-4 
4 [37 20-0 4-43 0-41 10:8 42°6 20-5 
5 22-1 20-2 3°72 0-43 8-7 47°8 21-3 
6 4-4 18-6 2-00 0-26 7°7 50-0 19-4 
7 13-2 20-0 3:40 0-39 8:7 49-9 22°6 
8 [171 18-7 3:04 0-40 7°6 51-6 20-4 
9 17-9 20-3 3°50 0-38 9-2 49-0 20-4 
10 6-1 21:6 3:86 0-38 10-2 48 -() 21-8 
11 11-6 12-9 2°63 0-31 8:5 50:2 20-4 
12 3:2 23°8 4-93 0-46 10-7 45-6 21-2 
13 3:3 219 3-29 0-41 8-0 47-0 21-2 
14 14-2 19°5 2°56 0-43 6-0 50-0 — 
18 — — 19-6 3-90 0-55 fe 48-5 — 
23 - 19°5 3°40 0°52 6:5 45-6 — 





TABLE 49—Concentration of Dissolved Oxygen in some Estuaries from which Samples 
of Inter-Tidal Deposits were taken 




















Salinj Dissolved oxygen 
. Temperature aneuty (percentage of 
Estuaries. 4 (gm. per p § 
(C.) 1,000 gm.) saturation 
eden Samet value). 

River Stour, Essex “i o a 134 2a) 122 
River Orwell, Suffolk oe 5s hs 34 0:7 100 
16 29-6 106 

Hamford Marshes, Essex at Ao 14 29-0 92 
River Deben, Suffolk .. ah. oe 94 14-7 84 
12 26-7 108 

12 31-0 80 

2 22-6 96 

River Crouch, Essex = asf be 24 20-4 98 
13 25:2 97 

14 31-0 105 

River Blackwater, Essex ee ee 154 33-3 113 
33 25-4 101 

River Roach, Essex Hh Bh ee 3 22-4 99 
14 31-7 oh 

River Ribble, Lancashire Re me 144 26-2 85 
144 29-0 87 

18 33-0 86 


River Tay, Perthshire, Scotland at 13:to: 17 0 to 34:0 85 to 104 
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TABLE 50—Composition of Inter-Tidal Deposits from various Estuaries and Salt 
Marshes in the British Isles 









Percentage of dry 







































































Percentage of dry weight. . oeiead 
. atio: 
Fea jor Sample | Moisture Carbon 
was taken. No. (percent.). Loss on | Organic | Kjeldahl | Nitrogen. Si]; Sesqui- 
ignition. | carbon. | nitrogen. a oxides. 
Norfolk salt mar- U 1 53-4 PAn 7 1-91 0-20 9:6 53°3 17-9 
shes, between D, 45°8 10-1 iloaks3 0-18 6-3 64-2 14:4 
Blakeney and 3 44-6 13-1 1-99 0-20 8-0 58-6 17°5 
Wells-on-Sea. 4 36-2 8-0 erie 0-15 14-1 73-1 Ihe? 
Tamar Estuary, U 8 58-4 14:9 4-20 0:31 13°5 oye Zane 
Devonshire. 9 53-2 12-7 2-26 0-28 8-1 54-3 20-8 
Tamar 3 55°3 — 3:40 0:27 12-6 — == 
4 62:8 — 4-70 0:37 12-7 — = 
Beach at Burn- 
ham - on - Sea, U 14 30°8 13-3 2-06 O-14 14-7 51-0 18-5 
Somerset. 
Dee Estuary, | Dee 1 26:4 — 0-66 0-05 13-2 75°5 — 
Cheshire and 2 28:4 = 1:08 0:07 15:4 74°6 — 
Flintshire. 3 20-8 — 0-50 0-05 10:0 — — 
4 30-7 ass estes 0-05 22°6 71-0 == 
5 28-6 — 0-98 0-09 10-9 Te — 
6 22-8 — 0-62 0-05 12-4 79:6 — 
7 24-0 — 0:46 0-08 5°8 — — 
8 25-4 — 0:74 0:05 14-8 78:0 — 
9 20°8 — ()-38 0:02 19-0 — po 
10 23°8 — 0-73 0:05 14-6 TLD, = 
i 23-9 — 0:33 0:04 8°3 —_—. — 
iy Day — 0:40 0-05 8:0 _— — 
17 20-3 — 0-29 0:05 5:8 — ~_ 
18 20-4 = 0-33 0-04 8-3 — = 
19 19-2 — ()- 26 0:03 8:7 — — 
20 22°6 — 0:31 0-04 7°8 — = 
21 23-4 — 0-59 0:06 9:8 80-0 — 
24 20:3 — 0-40 0-03 13-3 — — 
25 23-3 — 0°34 0-03 1g — — 
26 23+) — 0-31 0-03 10-3 — = 
27 24-8 — 0:46 0-04 DiS — — 
28 25-9 = 0:54 0-05 10:8 73-6 — 
Ribble Estuary, in, Il Dae — 0-66 0-07 9-4 74-7 — 
Lancashire. o 21°8 — 0:43 0-07 6:1 79°6 — 
3 23-3 — Os2 0-04 13-0 79-6 = 
4 19-9 — 0-14 0-01 14-0 85-4 ae 
) 24-0 = 0-36 0-05 TE 79-0 = 
6 18-4 — 0-10 0-01 10-0 O1°7 — 
7 25-5 — 0-63 0-05 12-6 76:9 — 
8 Pap OL — hae) 0-10 122 74-0 — 
9 22°8 — 0-53 0-04 13-3 79-6 = 
10 34-7 — 1-10 0-12 9-2 67:3 — 
al 33-3 — 0-99 0-09 11-0 74-8 — 
Le, 31-4 — 1-38 0-11 ook 67-9 — 
13 35-6 = 2-03 0-20 10-2 61-1 — 
Morecambe Bay, lee, al 20-8 as 0-24 0-02 12-0 ae: a 
Lancashire. 2 29-0 a7 0-2] 0-02 10°5 _—_ Ps! 
3 23-0 — 0-29 0:03 9-7 == — 
4 21-6 — 0-20 0-01 20-0 ~- — 
) 21-9 — 0-15 0:02 7:5 — — 
6 21-8 = 0:17 0-01 17-0 —- — 
7 23-7 — 0-31 0:02 15-5 — = 
8 20-9 — 0-20 0-02 10-0 = _ 
9 20-9 — 0-15 0-01 15-0 -- — 
10 20:4 — 0-23 0-01 23-0 — — 
11 25-3 — 0-41 0-02 20°5 — — 
12 21°] — 0-33 0-03 11-0 -- — 
13 17-6 — 0-15 0-01 15-0 — = 
14 18-7 — 0-27 0-01 27-0 — = 
15 18-6 — 0:28 0-01 28-0 — a 
16 17-3 — » 0-07 0-00 = — Sais 
17 18-9 — 0-20 0-02 10-0 —— — 
Tay _ Estuary, | Tay 1 69-5 17-4 5-48 0-46 11-9 53-5 21-5 
Perthshire, Scot- 2 o1-9 9-4 2-83 0-23 12:3 62:7 20-9 
land. 3 | f55-6 io 3-33 0-28 11-9 61-3 20:8 
4 56-4 10-4 3-49 0-27- 12-9 62-0 22-0 
5 45-7 7°6 2-08 0-17 1222 65-9 19-1 
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TABLE 50—continued 














































































































Percentage of dry weight. cian eres ary . 
Locality from : Ratio : 
which the deposit | "4Pl° ranean Carbon 
: percent.). ; : ———_—_ ‘ 
was taken. Loss on | Organic | Kjeldahl Nitrogen.| Silica. Sesqui- 
ignition. | carbon. | nitrogen. oxides. 
Tay Estuary, Tay 6 41-0 5-3 1-51 0-13 11-6 69-7 18-1 
Perthshire, 7 34-7 3°8 1-09 0-09 12°] 73°8 16-8 
Scotland (contd.) 8 34-8 4-1 1-06 0-09 11-8 73°8 16-4 
9 45-2 6:7 1-92 0-15 12-8 71-6 1-2 
10 41:7 5-1 1-49 0-13 1125 73-6 15-6 
11 35°3 3-7 0-94 0-08 11-7 75-4 14-5 
12 32-4 4-2 0-87 0:06 14-5 74-7 15:3 
13 33°8 4-0 1-04 0:08 13-0 75°3 14-8 
14 58-0 1) OP 3-88 0-33 11-8 60-8 18-8 
15 66-4 15< 1 4-97 0-40 12-4 toi 21-8 
16 57°6 11-1 3°61 0-27 13-4 62:6 18-9 
i) Siow / 4-3 1-34 0-12 Ti 73-9 14-9 
18 aS lee 3-4 1-09 0-09 aot 77-4 14-6 
19 46-1 9-5 —- 0-17 — 64-7 17-7 
Deben Estuary, | Deben1l 70-4 et 4-29 0-46 9-3 50-0 — 
Suffolk. Z 62°8 15-6 3-79 0-38 10-0 54-9 — 
3 64-7 18-4 5-10 0-49 10-4 S20 1 — 
4 60-1 127. 2-00 0-21 9-5 52-4 — 
| 5 63-4 12-4 2-32 0-26 8-9 53-4 se 
6 63-6 13-4 2:17 0-23 9-4 53-2 oa 
| 58-5 12-0 1-69 0-20 8-5 56:0 -- 
8 57°5 Tetons! PAPA 0-24 9-2 50°6 — 
9 69:8 — 4-17 0-45 9-3 — = 
10 EOS os 5:53 0-52 10-6 — — 
11 71-4 — 4-51 0-49 9-2 — — 
12 49-6 — 1-67 0-18 9-3 — —— 
13 40-0 — 1-20 0-14 8-6 — — 
14 54°3 — 2-80 0-30 9-3 — = 
tS 41-9 — 1-24 0-12 10:3 —— = 
16 50:9 + — 2-08 0-21 9-9 — ao 
17 54-9 = 2-11 0-22 9-6 — — 
18 44-0 — ke2S 0:10 1233 — a 
19 47-0 — 1-55 0-15 10:3 — — 
2, 48-0 — 1-42 0-14 10-1 — — 
Orwell Estuary, |Orwell 1 23-6 2S 0-29 0-05 5:8 92-0 —— 
Suffolk. 2 61-4 jl Oy 2-10 0-31 6:8 62-9 — 
5 48-6 6:8 1-54 Q- 24 6-4 78:7 — 
Stour Estuary, | Stour 1 73-0 16-0 4-37 0:47 9-3 54-4 = 
Essex. 2 MOS: iw) 5:37 0-56 9-6 49-7 — 
3 57-6 8-2 1-98 0-24 8-2 ih — 
4 ook 14-2 3-98 0-43 9-3 53-7 = 
S T2eo — 4-38 0-47 9-3 43-5 — 
6 TBO — 4-33 0-51 8-5 45-3 —= 
7 62-7 — 2°92 0-30 9-7 62-3 = 
8 70-0 — 4-20 0-41 10-2 49-9 = 
9 43-4 -= | 1°55 0-18 8-6 73-0 = 
10 40-1 — 1-17 0-13 9-0 83-3 — 
-Hamford water | Ham- 1 71-6 13-8 1-79 0-32 5:6 51-2 — 
(salt marsh), | ford 2 74:8 14:8 3-45 0-39 8:9 48-5 — 
Essex. o 68-4 Boy 3-01 0-32 9-4 Sioa — 
4 67-2 Nee} Dorit 0-30 9-0 56-9 — 
5 6252 — 3:07 0-28 11-0 54:3 — 
6 65-7 — povoreye: 0-34 10:4 47-8 = 
Vi 58-0 — 2-05 O22, 9-3 55°8 — 
8 62°3 — 2°55 0-27 9-5 50°8 = 
9 60-3 — 2-67 0-29 9-2 51-8 —— 
10 59-6 a 2-57 0-28 9-2 53-0 = 
Colne Estuary, | Colne 1 60-0 10-2 1-80 0-23 7°8 63-5 a 
Essex. Z 59-1 Lle77, 1-91 0-24 8-0 59-8 = 
3 Sy AaW) 9-1 1-42 0-20 Fe 64-9 a 
4 51-3 9-3 1-44 0-18 8-0 64-1 — 
iS 48-6 11-8 1-58 0:15 10-5 58:5 — 
6 43-1 8-6 1-58 0-16 9-9 63-5 = 
fi 58-0 15s 2-07 0-19 10-9 52-5 — 
8 55-7 — 1-96 0-17 11-5 54-0 — 
Mersea Island, | Mer- 1 42-9 6:8 1-14 0-14 8-1 72°3 — 
Blackwater Estu- | sea 2 49-9 9-4 1-40 0-18 7°8 64:1 — 
ary, Essex. 3 36-9 5:4 0-90 0-11 8-2 76-1 — 
4 38-5 6:5 0-89 0-11 8:1 Teck a 
5 41-2 7°8 1-28 0-15 8:5 67-0 oats 
6 60-8 1B | 1-66 0-21 7-9 56°3 = 
7 59°8 10-5 1-62 0-21 7°7 60-3 a 
8 64-3 13-5 2°16 0-28 qed 51-3 — 











eee ee a et 


o 16972 5 


2 


56 


ESTUARY OF THE RIVER MERSEY 


TABLE 50—continued 














Percentage of dry weight. 




































































Percentage of 
dry weight. 



































Trish Free State. 











Locality from Moisture Ratio : 
which the deposit cig (per Carbon 
was taken. : cent.). Loss on | Organic | Kjeldahl | Nitrogen. Silica 
ignition. | carbon. | nitrogen. : 
Blackwater Black- 1 50-2 Wow: 1-95 0-23 8-5 75-3 
Estuary, Essex. | water 2 50:3 9°6 1-43 0-18 8-0 62-7 
; 3 47-9 8:5 Loy 0-14 9-4 66-4 
4 5321 10:1 1-19 0-15 79 63-8 
5 53-6 10:2 Ley 0-15 8:5 64:9 
Crouch Estuary, |Crouch 1 47-3 +2 1-27 0-15 8-5 64-9 
Essex. 2, 41-7 7°9 0:98 0-12 8-2 70°2 
53 58:8 P22, 2-82 0-32 8:8 55:6 
4 60-2 10:8 2-46 0:30 8:2 56-0 
5 48-4 10-9 1-10 0-13 8:5 58-6 
6 40:8 9:4 0:91 0-11 8:3 66:3 
7 47-2 —— 1-82 0-22 8:3 63-4 
8 53-8 — LSA: 0-23 125 55°3 
9 57-3 — 2-86 0-24 11-9 51°5 
10 59-3 1-87 0-19 9-9 Does 
Roach Estuary, |Roach 1 43-0 8-9 1-07 O- 32 8-9 68-7 
Essex. Pe 34°6 7:3 0:73 0-09 8-1 72:3 
Wye Estuary, | Wye 1 41-5 — 3-98 0-18 Se3S)| — 
Monmouthshire. 2 46-1 15-0 4-03 0:17 23-7 53-1 
3 50:5 15:7 4-67 0-15 =o) call 53-1 
4 45-7 14-5 4-79 0:14 34-2 55:1 
5 36:8 = 3-69 POs 28-4 — 
6 40-9 14:5 3-94 0:14 Do Dye 
Severn Estuary, |Severn 1 55:7 — 4-45 0:18 24-7 a 
Monmouthshire. 2 49-6 16°5 4-11 0:19 21:6 50°8 
3 31:3 _— 3-11 0-13 24-0 = 
4 46-8 16°8 5:28 0-17 31:0 52:2 
Lough Foyle, | F 1 39-8 — 1-81 0-15 IPAs AI — 
North of Ireland. 2 68-8 — 6:51 0-52 LES — 
3 40-2 — 1-09 0-12 9-1 — 
4 36-6 == 1-42 0-10 14-2 = 
5 60-0 — 4-38 0-30 14-6 — 
6 47-4 — 2-68 0-18 14-9 —_ 
7 43-4 — 2°81 0-24 ey — 
8 48-9 = 2-43 0-21 11:6 — 
9 SyAo 7 = 3-74 0-30 12-5 — 
10 53°5 — 4-49 0:36 1225 — 
11 45-2 = 1-88 0-35 5:4 — 
12 519 — 2°14 0-25 8:6 + 
13 39°8 — 1-56 0-11 14-2 — 
14 46°6 — 3°63 0-19 19-1 — 
15 36-1 oo Doo 0-13 17-9 —- 
16 43°3 — 2-49 0-20 12-5 —- 
Wy) oZu2 — 0-94 0:06 15:7 — 
18 42-1 — 2-40 0-30 8-0 — 
19 58:7 a SOUAlL 0-38 LSe7 —- 
20 44-4 = 2-23 0-17 13-1 — 
21 64-9 — 5-24 0-41 12-8 — 
22 54°5 — 3:27 0-26 12-6 --- 
we 59-1 a 4-0] 0-36 11-1 —— 
24 48-4 — 2-89 0-23 12:6 = 
25 54:0 — 4-11 0-28 14-7 — 
26 63-0 = 5-32 0-39 13-7 oo 
27 52°0 — 3-42 0-25 13-7 — 
28 43-3 —. 1-94 0-20 9:7 — 
29 42-3 — 2-29 0-22 10:4 — 
30 64-9 === 4-8] 0-39 | 2icoam — 
31 44-7 — 2-59 O07 15-2 — 
32 65:6 —— 5-20 0:46 11-3 — 
33 64-9 = 5-24 0-38 13°8 — 
Suir Estuary, | Suir 1 45-2 c= 2-51 0:25 10:0 pea 
Co. Waterford, 3) 42-8 ane 2-19 0-21 10-4 ten 
Irish Free State. 3 45-3 a 2-60 0-22 11-8 ag 
4 51-2 — 2-41 0-22 11-0 — 
5 57:5 — 2-88 0-27 10-7 — 
6 48:6 — 2°54 0-24 10-6 ~- 
Barrow Estuary, | Bar- 1 Gilie7 aL : : : 2 
Co. Waterford, TOW ers Ole ea 
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TABLE 51—Composition of Mud (separated from Sand by Sedimentation) in Inter- 
Tidal Deposits from Various Estuartes in the British Isles 































































































Percentage of dry weight. ¥ Seis vs any 
healt : Ratio : 
ocalities from which Sample Chon 
samples were taken. No. r ss | ors Rebeca ss oe : 
oss on | Organic | Kjeldahl|Nitrogen. Sai Sesqui- 
sakes : § ilica. 
ignition.| carbon. |nitrogen. oxides. 
Dee Estuary, Cheshire and | Dee 1 12-6 1-93 0-19 10-2 57-1 18-2 
Flintshire. 2 13:9 1-63 0-25 6-5 56°5 18-9 
3 14-1 1-79 — — 53:6 21-0 
4 13-1 1-23 0-23 o°3 59°6 20:8 
5 13-0 171 0-25 6-8 56-9 19-6 
6 12-7 2-05 0-22 9:3 58-3 17-5 
fi 13-7 2-00 0-28 7°5 56-4 20-0 
8 13:1 Zuid 0-24 2:1} 58-1 17*7 
2 13-5 2-36 0-26 | 51 +7 20-5 
10 11-7 1-86 0-28 6:6 62-9 15-9 
it 13-1 1793 0-23 8-4 56-6 19-8 
12 14-6 1-45 O-29 5:0 54-7 18-9 
17 15-3 2-06 0-26 Fo 54-7 18-1 
18 14-1 1-86 0-18 10-3 59:3 20-2 
19 13-0 2°13 0-32 6:7 57-4 18-3 
20 12-7 pert 0-23 8-3 E8°4 17-4 
21 13-6 2-16 0-29 17) f 56-8 1739 
24 2°29 0-31 6-9 — — 
25 — 1-43 0-19 7+3 — — 
26 11:1 1-65 0-21 7°9 63-4 17-1 
27 10:5 1-35 0-16 8-4 64-8 15-2 
28 10-2 1-34 0-14 9-6 65-1 bie? 
Ribble Estuary, Lancashire. nm 6G 12-2 1-55 0-19 8-2 59-2 18-5 
2 {2-2 1-58 0-19 8:3 59-3 1973 
3 12-8 1418 0-25 4-7 o7*1 19-0 
J 12-1 1-92 0-20 9-6 61-3 16-7 
5 12-5 1-64 0-23 71 58-1 18-2 
6 _— 1-84 0-23 8-0 ~~ — 
7 13°3 1-25 0-14 8-9 62-6 16-1 
8 no 4 2°51 0-24 10:5 O77 9 18-5 
9 12-0 2-04 0-18 11-3 57-6 17-9 
10 13-3 2°10 0-22 9:6 56-7 20:3 
11 12°3 1-93 0-21 9-2 62-0 18-5 
12 11-4 1-43 0-18 8-0 60-1 727 
13 13-4 3:08 0-27 11-4 59°7 20-9 
Morecambe Bay, Lancashire. | L 11 -- 1-93 0-15 12:9 ~- = 
12 -— 1-66 0-18 9-2 —- — 
17 -- 2°37 0-26 el — — 
Tay Estuary, Perthshire, | Tay 1 16-2 5:56 0-45 12-4 54:9 222, 
Scotland. 2 5°6 2-72 0-21 12-9 66-0 21-4 
3 10-6 3-70 0-28 13-2 60-9 21-1 
4 18 3-90 0-31 12°6 59-6 19-9 
5 | 2-47 0-18 13-7 64-0 19-3 
6 7S 2:42 0-18 13-5 64-3 19-8 
fi 5-8 1-94 0-16 12-1 65-6 21-2 
8 6-0 1-73 0-12 14-4 65-5 20-9 
+. 12-1 4-39 0-36 12-2 59-5 20-6 
10 7-9 2-67 0-20 13-4 66-7 18-2 
11 7-6 2°50 | 0-18 13-9 67-0 17:8 
12 to 2-42 0-18 13-4 65-8 19-4 
13 7°3 225 0-19 11-8 64-6 19:3 
14 11:6 4-00 0-36 tiv} 61-0 20-0 
15 14-9 3:83 0-37 10:3 59°7 21-5 
16 13-6 4-67 0:36 13-0 58-1 20-6 
17 8-6 3-30 0-24 13-7 63-3 19-8 
18 O:7 3-19 0-26 12-3 61-6 21-0 
i 10-4 3-37 0-26 13-0 Gl=Z 19-3 | 
Lough Foyle, North of Jreland. | F 1 — 3-31 0-25 13-2 — = 
2/)-— 10-63 0-82 13-0 — — 
3 _ 3°47 0-32 10°8 — — | 
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TABLE 51—continued 








Percentage of dry weight. Percentage of dry 








weight. 
Ratio: = 
Localities from which Sample Caren 
samples were taken. No. Loss on Organic | Kjeldahl Nitrogen. Silica | Sesqui- 
ignition.! carbon. |nitrogen. ‘| oxides. 








Lough Foyle, North of Ireland | F 


4 3 
—contd. 2 . 0-28 15-6 — — 
6 —- 1-98 0-14 14-2 — — 
7 -- 1-73 0-12 14-4 — — 
8 -— 2:98 0-22 13-5 — — 
9 ~- 3°12 0-20 15-6 — — 
10 — 2-39 0-17 14-] — — 
11 -- 3:66 0-31 11-8 — — 
es —- 3°92 0-34 Lis —- — 
13 —- 1-49 0-11 13°5 — — 
14 _- 4-4] 0-29 15-2 — — 
15 -- 3°72 0-24 15-5 _ — 
16 _ 3-24 0-21 15-4 — — 
7s — 1-59 0-11 14-5 —- — 
18 —- 2:43 0-20 12-4 _ — 
19 —- 5-60 0-30 18-7 — _- 
20 —- 3°51 0-24 14-6 — _ 
21: — 5:16 0-40 12-9 — — 
22 — 3°65 0:26 14-0 — — 
as ~- 4-66 0-39 11-9 — — 
24 -- 2°72 0-22 12-4 = ae 
25 ~— 4-21 0-34 12-4 — — 
2 — 5:50 0-28 19:6 _ — 
27 -- 2°74 0-25 11-0 — — 
28 — 7. O22 12-6 — _ 
29 —- 2-66 0-22 12-1 — _ 
30 — 5:84 0-48 12-2 — _— 
31 = 2-78 0-24 11-6 — — 
32 5:38 0-41 13-1 — — 





33 — 5:24 0-4] 12-8 — — 
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TABLE 52—Organic Content of Mersey Mud, Estuarine Suspended Matter, and 
Boulder Clay after Stirring with Different Concentrations of Settled Sewage 







































































S.M. = Estuarine suspended matter collected in Estuary water. 
| Total of Analysis of mud after 
amounts treatment. 
Experi- Period of| Of S°Wase |” Percentage of 
ment Sample and treatment. stirring added dry weight. | patio: 
No. (days). (per cent. ; 
of volume O : Carbon | 
rganic | Kjeldahl/;; 
of sus- : ; Nitrogen. 
. carbon. |nitrogen. 
i pension). 
102 | S.M. 80, without sewage 124 0 4-23 0-58 ie 
103 a with one addition of sewage ; 0-25 4-89 0-63 7°8 
104 » | rs . i‘ 0-5 5-67 0-67 8:5 
105 e re 1-0 5°85 OG7 8-7 
106 or i “5 Rs 2-0 6-47 0:78 8:3 
107 . a KS :s 5° 9-04 Lett 8-1 
108 | S.M. 83, without sewage ; me 113 0 3:96 0:52 7°6 
109 2 with one addition of sewage xe ()-25 4-05 0-52 7°8 
07%. , FP 0-5 4-55 0-58 7:8 
111 ” » rm A 1-0 4-53 0-60 7°6 
112 * * * re 2-0 5-04 0-67 eS 
113 ee =f 55 i 5:0 6-03 0-83 733 
114 | U. 51, suspension of boulder clay in tap 
water and sea salt... a G 0 0-37 0-10 a7 
115 , with one addition of sewage 0-5 0-56 0-15 a7 
116] __,, ” rs s 1-0 0:94 | 0-21 4-5 
pay - s 7 a 5:0 1-44 0-30 4-8 
120 | S.M. 90, without sewage = 34 0 3°91 0-46 8-5 
{21 ie with one addition of sewage Sy: 0-25 odd 0-44 8-6 
122 " 3 _ Bi 0-5 4-24 0-49 8:7 
123 iy - Me i PaQ) 4-19 0-49 8-6 
124 = ‘ 3 Ne 2:0 5:00 0-62 8:1 
pa m is - ; 5:0 5-74 0-73 7°9 
126 | S.M. 95, without sewage . fe 6 0 4-68 0:58 ool 
127 - with one addition of sewage . 0-25 4-87 0-58 8:4 
128 4 . 4 fs 0-5 5°24 0-64 8-2 
129 is . 2 a 1:0 5-39 0-67 8-0 
130 ds i Ae s 2-0 5:57 0-73 7:6 
131 e 5 e i: 5°0 6:62 0-88 hee 
132 | U.51, suspension of boulder clay in ve / 
water and sea salt... phate ts 0 0-51 0:06 8:5 
133 » With one addition of sewage 0-5 0-62 0-08 7°S 
134 4 '- € . 1-0 0-76 0-09 8:5 
135 . a . ‘5 se 220) 0-89 0-11 8-1 
136 2 "3 is rr ay 5:0 1-60 0-23 7:0 
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TABLE 53—Petroleum Ether Extractives and Organic Carbon in Mud from 
Various Localities and in Digested Sewage Sludges 







































































Percentage of dry weight. 
Weight of 
ether extrac- 
cality from which sample was | ¢ tives (gm. per 
Picea oS: ken. SN SE Petroleum , 100 ty af 
ta Organic oe 
ether organic 
- carbon. 
extractives, carbon). 

Mud separated from samples | M.S.C. 4 0-018 0-85 aed 
from the bed of the Manches- 5 0-019 0-96 2G 
ter Ship Canal. 6 0-170 1-52 11-2 
) 0-430 2-24 19-2 
10 0-731 3°21] 22-8 
Mud separated from samples |B 197 0-003 2-38 0-1 
from the bed of Liverpool Bay. 199 0-035 1-03 3:4 
217 0-002 2:25 0-1 
218 0-014 2°07 0-7 
238 0-090 1-60 5:6 
248 0-007 [ies 0-4 
Mud separated from samples |/I1.S. 10 0-007 1-13 0-6 
from the bed of the Irish Sea. 12 0-008 0-64 1-3 
13 0-005 0-70 0-7 
14 0-009 ES 0:8 
15 0-008 1-65 0-5 
16 0-004 1-49 0:3 
17 0-003 1-38 0-2 
18 0-002 1-58 Ori 
22 0-030 1-57 ig 
Lough Foyle, North of Ireland. | F 1 0-006 1-81 0:3 
13 0-011 1-56 OF 
19 0-020 5°21 0-4 
25 0-029 4-11 Oe, 
31 0-013 2°59 0-5 
Mud separated from samples | R 1 0-006 1-55 0:4 
from the Ribble Estuary, 2 0-005 1-58 0:3 
Lancashire. 3 0-008 Lois O07 
5 0-008 1-64 0:5 
11 0-007 1-93 0-4 
| Dee Estuary, Cheshire and Flint- | Dee ] 0-001 0:66 0:2 
shire. 2 0-005 1-08 0-5 
26 0-007 0-31 2:3 
Mud separated from Dee samples. 7 0-008 2-09 0-4 
r is o 8 0-007 2°19 0-3 
Orwell Estuary, Suffolk. Orwell 2 0-010 2:10 0-5 
Deben Estuary, Suffolk. Debent #3 0-035 5-10 <7 
Hamford Marshes, Essex. Hamford 2 0-003 3°45 AEF | 
” " Hamford 3 _ 0-004 3:01 Ot 
Stour Estuary, Wy Stour 1 0-003 4-37 0-1 
a5 Stour 2 0-009 Sof 0-2 
Digested sewage sludges from | No. 1 (21) 2-136 18:5. 11-5 
Birmingham. BAZ 1-167 19-0 6-2 
(Age of sludge in years given 3 (12) 2-434 Za 10-6 
in brackets) 4 (6) 1-882 21-5 8:8 
5 (1) 2-627 25°9 1D 
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TABLE 55.—Composition of Digested Sewage Sludges from Birmingham 


Sample No. 


| 








Percentage of dry weight. 

















AADC BWHOOWF BAMOOWF APoOw>F WHDOm> 





Age of sludge} Moisture 
(years). (per cent.). apes Organic 
ignition. carbon. 
21 41-2 44-7 — 
54-0 40:3 21°7 
= 51-8 39:1 12-4 
e 50-9 39°7 20-5 
» 53:6 38-5 19-6 
" 54-2 41-7 18-4 
17 55:4 42-4 19-9 
+ 48-6 42-3 15-1 
a 51:8 46-6 15:1 
mn 47-3 43-3 18-0 
ie 50-0 44-8 23*5 
- 54-0 43-5 22° 
12 48-3 45-3 221 
7] 51-7 45-4 26:7 
cs 48-1 46-1 20:7 
" 50-0 44-7 - 23°3 
hs 50-0 43-5 29:1 
re 49-2 44-5 ibe hee 
6 54°3 44-] 18-6 
£ 55:3 44-9 24-8 
. 2-3 44-8 18-2 
K oo 0 45-5 23-4 
¥ 55°6 43-7 21-5 
4 54:5 45-8 22-4 
1 49-3 53°9 25°3 
Fs 53-4 49-6 24-2 
: 55°6 49-5 2575 
“ 48-2 50:9 2623)' 
i: 48-0 ApS 29-4 
52-9 47-8 24-0 
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TABLE 57—Change in the Composition of Mud from the Stanlow Bank on Storing 


ESTUARY OF .THE RIVER MERSEY 


under Sea Water at 37° C. 


Samples 389 to 400 stored 350 days 




















Final nitrogen x 100 


Original nitrogen. 

















» 402 ,, 425 338, 
Original composition | Final composition 
(per cent. of dry (per cent. of “dry 

Sample weight). weight). Final carbon x 100 

No. Original carbon. 
Organic | Kjeldahl | Organic | Kjeldahl 
carbon. | nitrogen. | carbon. | nitrogen. 

S 389 2°72 0-21 3-70 0-26 136 124 
390 2-46 OA9 2°31 0-16 94 84 
392 4-34 0-39 3:08 0-28 wi 72 
393 3°69 0-39 2°98 0-25 81 64 
394 3:90 0-36 3°21 0-24 82 67 
395 oes 0-19 2-23 0-15 100 79 
397 one 0-36 3:37 0-27 89 75 
398 1-94 0-14 1-90 Oxi 98 79 
400 1-40 0-13 1-44 0-08 103 62 
492 2-40 0-18 2:34 0-17 98 95 
403 2°81 0-23 2-73 0-20 97 87 
404 O7oL 0-29 2-60 0-20 73 69 
405 2°26 0-19 2°22 0-15 98 79 
406 2:02 0-16 2011 0-14 104 88 
407 1-82 O:17 1-86 0-14 102 82 
408 2°57 0-23 2-63 0-20 102 87 
409 Too sae 0-18 1-93 0-12 100 67 
410 1-64 0-14 1-68 O-lt 102 79 
411 1-40 0-13 1-39 0-08 99 62 
A412 1-27 0-10 1-18 0-08 93 80 
413 2:46 0-18 2-46 O17 100 95 
414 1-69 0-15 2:03 0-13 120 87 
415 2:35 0-18 2-09 0-15 89 83 
416 2-96 0-28 2-89 0-24 98 86 
417 3:39 0-30 3:12 0-26 92 87 
418 Bry 0:22 ahs 0-21 100 96 
420 2-62 0-23 2-41 0-17 92 74 
421 2-13 0-20 2-33 0-17 109 85 
422 2:27 0-17 2°12 0-16 93 94 
423 3°17 0-33 2-66 0-25 84 76 
424 222 0-18 2°50 0-21 113 117 
425 2°29 0-12 1-98 0-11 86 92 
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TABLE 58—Effect of Storage under Sea Water on the Composition of Mud dredged 
from the Manchester Ship Canal 


Stored 318 days 















































Original composi- Final composi- Loss of carbon 
tion (per cent. of | tion (per cent. of | 22d nitrogen Final Final 
S l dry weight). dry weight). pee OF carbon nitrogen Temperature 
Sample dry weight). ; a 
No. x 100 x 100 of storage 
Original Original (°C.). 
Organic | Kjeldahl) Organic | Kjeldahl} Organic | Kjeldahl carbon. nitrogen. 
carbon. /nitrogen.| carbon. |nitrogen.| carbon. | nitrogen. 
MSC. 16 | 3°16 0-48 2-88 0-26 OFZ8 i O22 91 54 Laboratory 
temp. 
17 3-58 0-59 3°15 0-28 0-43 0-31 88 47 - 
18 | 5-59 0-29 4-68 0-34 0-91 0-05* 84 117 b 
25 | 10-7 0-86 10:3 0-67 0-4 0:19 96 78 i 
18 5:59 0-29 3:98 0-14 TGd 0°15 71 48 37 
24 9-49 | 0:45 4-50 0-24 4-99 70221 47 53 s 
25 | 10°7 0-86 3-32 0-28 7°36 0:58 31 33 nt 
28 | 6:96 0-45 955 Or27 1-41 0-18 80 60 ¥ 
* Gain 


TABLE 59—Effect of Storage under Sea Water on the Composition of Estuarine 
Suspended Matter previously stirred with Settled Sewage 


Stored at 37° C: 





Period of 
storage. 


None 





2 weeks 























2 months 


10 months 


2 weeks 

2 months 
10 months 
2 weeks 
2 months 
10 months 





2 weeks 
2 months 
10 months 












































2 weeks 
2 months 
10 months 




















Sample No. 
Composition of sample 
(per cent. of dry weight). 
TE 108. TRG. RIE Wa 8 he. j ima ey 
Organic carbon 3:96 4-55 4-53 5-04 6-03 
Kjeldahl nitrogen 0-52 0-58 0-60 0-67 0-83 
Organic carbon 3-63 3:49 4-43 4-80 9°89 
Kjeldahl] nitrogen 0-49 0:53 0-60 0-62 0-83 
Organic carbon 3-68 4-21 4-46 4-90 5°65 
Kjeldahl nitrogen 0:35 0-50 0-49 0-55 0-71 
Organic carbon 3°35 3-61 4-07 — — 
Kjeldahl nitrogen 0-30 0-32 0-40 — — 
Organic carbon lost 0:33 1-06 0-10 0-2 “14 
0-28 0-34 0-07 0-14 0-38 
| 0-61 0-94 0-46 — — 
Kjeldahl nitrogen lost 0-03 «9-05 0 0-05 0 
Q-17 0-08 Or11 0-12 0-12 
0-22 0-26 0-20 — — 
‘ 92 fy 98 95 98 
Final carbon x 100 93 99 98 97 94 
Original carbon 85 79 90 ie e 
‘ 94 oi 100 93 100 
ES aa a 67 86 82 82 86 
Original nitrogen 58 ER 67 = a 








The samples consisted of suspended matter from the Mersey Estuary previously stirred with the following 
concentrations of settled sewage :— 


Te 
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TABLE 61—Rate of Fall of Mud Particles through a Column of Water 9 ft. in Length 


Suspended Matter from Mersey Estuary used in all cases 
Salinity of Water 25 gm. per 1,000 gm. 





















































| Time Time Time 
Depth of | after Rate of Depth of after es e Depth of after ee ms 
particle | beginning fall-of particle beginning pee particle beginning a 
pbsead ue ed observed of sedi- | a wie observed of sedi- ee i 
Rae _ mentation | (ft. per (it He mentation | ee (ft.). mentation Sebo 
| (min.). | ain). | (min.). a (min.). Ti 
| 
Experiment | 7 7 1-20 t 16-5" 0-82 
8 1-20 20-5 0-82 
1 | 13:5 0 . 8 1-40 24-5 0-69 
1735 0 8 Ibs | 34°5 0-70 
20-5 0 8-5 Ra 39-5 0-82 
52 0 8-5 1-16 ; 48-5 0-67 
62 0 10 0-53 49 0-44 
83-5 0 11*3 EN Rs 
131 0 16 0-91 5 16 0-87 
19 0-70 20 1-61 
2 13-5 0 23 0-72 24 1-09 
17-5 0 27 0-88 28 ere 
20°5 0 40-5 0-85 32 0-65 
24 0 44-5 0-98 35 0-73 
36 0 48 0°74 43 0-55 
47 0 53°5 1-23 50 0-43 
oe 0 53°5 0-65 
62 0 58-5 0-89 6 15:5 1-47 
83-5 0 73 0-47 18-5 1-04 
131 0 127-5 AEG 23°5 1-24 
27:5 1-00 
3 1335 0 8 12 1-16 32:5 0-88 
17-5 0 12 0-94 35°5 0-69 
20-5 0 12-5 0-82 44 0-85 
24 0 15 0-70 44+5 0-60 
35 0 15 0-82 50°5 0-49 
46-5 0 15-5 1-51 60 0-50 
52 0 16 0-98 
62 0 18 0-70 7 15 1-21 
83-5 0 229 0-89 18 1-23 
131 0 | 26-5 0:85 23 1-33 
| 36 0-79 27 L156 
4 13-5 0 40 0-94 33 Irty 
17*5 0 44 0°81 | 36 0-88 
20-5 0 47-5 0:98 36°5 1:07 
24 0 52°5 0:66 45 0-70 
29 0-31 53 0-88 52°5 0-82 
32 0-36 58 1-40 58-5 0-45 
34-5 0-32 72 0-81 
45:5 0-47 126-5 0-21 8 12:5 0-81 
51 0-46 18 1-29 
51-5 0-47 225 1-26 
60-5 0-38 26 0-94 
61 0-31 26-5 1-06 
82 0-32 33 1-31 
131 0 7 37 1-00 
- 37 Q-97 
) 10 0-42 45-5 0-63 
13 0-98 46 0-85 
e ee Experiment 2 2 5 ee 
20 0-76 1 {7-5 0 54 0-66 
me ' Bae 29 0 58 0-50 
28° . 
ee ieee 2 | 0 
55 0-53 
2 ee 2 17-5 0-44. | © ae 
130 0-19 a 5 Hie Experiment 3 
293 0 1 Le, 0:25 
6 16-5 0-66 34 0 22:5 0-18 
19 0-79 38-5 0 30 0 
23 0-88 38 0 
28 0-84 3 17 0-76 58°5 0 
45 0-89 at 0:82 
49 0-94 25 0-65 2 16 0-38 
54°5 0-70 29 0 21-5 0-32 
59 0-53 38 0-40 29 0-28 
75 0:45 47-5 0-52 38 0 
129 0-31 4/ 48 0-49 58:5 0 
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TABLE 61—continued 















































Time Time 
Depth of after Rate of Depth of attrr Rate of Deo ot er Rate of 
ita fall of ; te fall of oe a fall of 
particle eginning ee particle beginning : particle beginning | “@ © 
observed of sedi- lit a observed of sedi- | Particle niecwved of sedi. | Particle 
ae mentation en (ft.). mentation Boe CLAP mentation | (ft. Per 
(min.). | (min.). 2 (min.). min.). 
Experiment 3) _ 8 12 0-47 7 7 1-96 
—contd. ; 13 0-92 7 2-28 
3 15°5 0-43 17°5 0-68 25 0-53 
20°5 0-40 23 0-57 25 0-56 
28-5 0-35 24-5 0-92 25°5 0-73 
36°5 0 25 Wore 38 0-49 
38 0 31 0-57 38-5 0-49 
48 0 31 0-56 39 0-47 
58°5 0 1-5 0:66 
32 0-64 8 23 0-58 
4 15 0-43 38 0-64 23 0-58 
19-5 0-54 38°5 0:47 24 0-49 
a 0:32 39 0-57 36 0-49 
27°5 Q-41 49-5 0-51 37 C57 © 
- 36 0-37 50 0-45 37°5 0-54 
37-5 0:39 50-5 0-42 
46 02.29 58°5 0-29 
ae ine 59°5 0-33 
5 14 0:94 
19 1-16 Experiment 5 
19 0-81 
26 0-80 ] 4 3 3-28 
26:5 0:66 3 4-92 
34-5 0-54 3°5 2°46 
35 0-58 3:5 2-46 
44 0-40 9-5 2°59 
44-5 0-45 | 9-5 2°18 
e on Experiment 4 11°5 2°14 
a8 ee 1 | 19 0-23 5 9 3-51 
: ) ) 3-07 
7 : 2 | 16 0-44 
6 7 16 0-55 6 6:5 3-28 
18-5 0-83 17 0-60 i} 4-47 
25 0-68 19°5 1-26 
25°5 0791 3 ve 13 0-79 19-5 1-26 
25°5 O47 | 14 0-58 20 1-64 
33-5 0-69 14 0-44 
e 0-59 15 0:50 Zz 4 3:28 
4 0-50 5 3-28 
42-5 0-47 4 10 1°27] 5 2-46 
43 0-55 bp FLO O77 6 3-78 
53 0-34 |e Sees: 0-38 6 3-07 
53°5 0-31 34°5 0-35 6 3-93 
54°5 0-37 35 0-33 16°5 2-18 
16-5 1-64 
7 12 0 5 8-5 1-20 17 1-73 
13-5 0-66 2 1-00 18-5 2:46 
18 0°79 9 1-04 18-5 ae I 
24 0-92 28 0-61 19 1-79 
32°5 0-61 28 0-73 
33 0-85 1 29 0-76 8 5:5 3:39 
33 0-60 | B25 3:28 
40 0-46 6 7 1-69 5°5 3°78 
40-5 0-41 775 1-29 6 3°64 
41:5 0-39 8 1-47 17 1-79 
By | 0-40 26 0-81 17-5 2°59 
D2 0-38 2 0-50" 18 1-89 
52-5 0-41 2d 0-59 18 1-70 
60 0-22 39-5 0-56 18 1-47 
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TABLE 62—Effect of Salinity on Rate of Sedimentation of Mud 


Length of Sedimentation Column 9 ft. 
S.M. = Suspended Matter from Mersey Estuary. S = Mersey mud 

































































Period 
of 
: sedi- Percentage of mud originally present settled through 9 ft. 
Sample. menta- Salinity of suspension (S°/,,) shown at head of each column. 
tion 
(min.). 
S.M. 111. S°/502=0°4 | S°/o9=9°8 | S°/o0=18°4 | 8°/.05= 27-1) S°/o. = 31-4 
| Concentration of 10 8 9 i) 8 7 
_mud 18-0 parts 20 15 17 18 16 13 
| per 100,000. 30 23 24 24 23 22. 
50 39 56 50 50 50 
70 61 83 85 78 69 
90 Thi 96 102 92 70 
Seven tiie S°/,0=0°4 | S°/,,=11-3| $°/,.=18°0 | S°/,.5=22°0) 5 (oo — 20 re 
Concentration of 
mud 20-0 parts 90 61 92 73 109 85 81 
per 100,000. 
S.M. 116. $°/597=0°4 | S°/,.= 11:3 | S°/,6= 18-3) 5°) 06 = 22°53 |S ee = oe ole ene 
Concentration of 
mud 18-6 parts 90 46 92 88 90 78 89 
per 100,000. 
Savi Ls: S°/o9=0°4 | S°/.5== 11-4 | 89/00 18-41 S°/ 5 = 22" 4 1S fog 
Concentration of 
mud 20-8 parts 90 64 96 78 76 74 } 68 
per 100,000. 
Suspended matter | 3°/oo2=3'3 | S°/,o=13°4 | $°/,,.=19°5 | S755 = 23°55 1S fog 
from Estuary of 
R. Blackwater, 90 42 51 53 69 78 60 
Essex. Concen- 
tration of mud 
19-1 parts per 
100,000. 
S. 457. S°/oo=0°4 | S°/oo=7:8 | S°/oo=16+1 | S°/oo=23-7 | S°/oo=31-9 
Concentration 10 13 11 8 5 9 
24-0 parts per 20 26 17 15 15 24 
100,000. 30 33 26 27 27 49 
50 44 44 46 47 82 
| 70 50 55 54 58 98 
| 90 55 62 61 66 107 
| 10 11 12 12 5 1 
20 22 24 22 14 25 
30 34 39 34 26 50 
50 47 51 47 38 A 
70 51 60 56 48 84 
90 Ou 62 62 56 92 
5.459, S°/5o=0°4 | S°/,,=10-0|S°/,,=20:0 | S°/,,=30-0 
Concentration 10 5 5 6 6 
16-0 parts per 20 11 11 12 13 
100,000. 30 16 7, 20 ZA 
| 50 21 30 38 40 
70 26 45 58 60 
| 90 30 55 m0 73 
S. 459. 10 5 6 6 5 
Concentration 20 10 12 14 11 
27-0 parts per 30 16 i 22 19 
| 100,000. 50 24 44 46 37 
70 30 62 63 : 49 
90 35 73 TP on 
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Taste 64—Rate of Sedimentation of Muds from the Estuarves of the Severn and the 
Wye, Monmouthshire 


Length of Sedimentation Column 9 ft. 





















































Concen- | Salinity Percentage of mud settled after : 
tration of 
c of mud water 

son (gm. dry | (gm. per | 19 | 90 | 30 | 50) ee 

weight per L000 min. | min. | min. | min. | min. | min 
100 litres). gm.) ; : ; ; =e ; 

| 
Severn Estuary, Monmouth- 
shire. 

Suspended matter SM 1 94-5 11-4 2 7 Pee 61 80 91 
as taken SM 1 94-5 11:4 3 8 25 63 83 92 
SM 1 94-5 11-4 + 18 42 70 85 94 

SM 1 94-5 11-4 3 13 36 65 80 91 

a 7 SM 27> 158-6 14-0 4 21 53 98 | 114 | 120 

SM 2| 158-6 14-0 3 22 53 | 108 | 124 | 129 

SM 2) 158°6 14-0 7 32 60 | 90 | 100 | 104 

oM 2} 158°6 14-0 8 32 50 94 | 106 | 110 

Suspended matter SM 1 1973 29-3 3 a 10 17 27 40 
diluted Seid 19:3 25-3 3 6 9 15 21 34 
SM 1 19-3 25:3 3 8 IZ 21 33 55 

SM 1 19-3 25:3 3 6 10 18 29 49 

ke SM 2 1o*6 25-1 3 6 9 15 22 35 

SM 2 19-6 25°11 3 6 10 16 24 37 

SM 2 19-6 25:1 Z 5 co) 17 31 47 

SM 2 19-6 25+1 Z 5) 9 16 28 42 

Severn muds Nos. 1 19-0 25-0 3 e 11 18 27 39 
1 30:6 25-0 4 of 11 26 49 65 

Z 18-0 29°0 4 8 if 19 30 45 

2 28-7 25-0 2 6 10 21 37 51 

2 18-7 25-0 3 5 8 13 21 35 

4 19-2 25-0 2 5 a 16 28 43 

Wye Estuary, Monmouthshire. 

Wye muds Nos. 2 20-0 25-0 2 4 8 15 24 37 
3 20-0 29°0 3 6 10 19 30 44 

+ 20-4 25:0 3 6 11 19 30 40 

6 19°7 25°0 2 6 10 17 27 40 
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TABLE 65—Effect of Settled Sewage on Rate of Sedimentation of Mersey Mud through 
a Depth of 10 cm. 


S = Mersey mud. 


S.M. = Suspended Matter in Estuary Water 
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: ee Percentage of mud remaining in suspension at a 
ef cus! depth of 10 cm. after : 
Salinity ded | Settled 
of water | Pence sewage 
matter 8 
Sample. (gm. per (em. dry| added 
1,000 weil h 3 (per 
g ght 
gm.). per cent.). | 19 min. | 30 min. | 1 hour. | 2 hours. | 3 hours. | 4 hours. 
100 
litres). 
S 255 25-0 8-6 0 59 49 42 33 — 34 
” “v 9-6 a 56 59 53 44 oo 36 
Fi Hs 19-4 0 49 42 40 34 — 24 
a 3 20-5 5 52 47 46 37 non 30 
a ; 26-4 0 47 35 25) 25 — — 
F Ps 27°1 5 47 40 34 31 — — 
* s, 52-8 0 45 —- 23 14 —- — 
is P 53°6 5 48 — 26 22 — =H 
+ 102-8 0 50 28 17 10 ao — 
* 104-4 5 53 30 20 13 — — 
* : 214-0 0 36 15 8 6 — _ 
Fe s 216-0 5 42 17 8 6 — — 
6s - 23-1 0 47 44 36 29 — = 
. . 23°1 1 48 48 40 34 — — 
F 23°1 i 53 47 39 33 — — 
“¢ . 23-1 5 49 44 — 37 — ae 
» es 24-6 0 41 36 33 28 — = 
» S 24-6 1 43 39 34 29 — — 
+ 7 24-6 2 42 44 35 30 — — 
- as 24-6 5 51 41 39 30 — — 
€ 15:8 24-4 0 58 49 43 35 — — 
# 15:8 24-4 3 43 44 41 34 — — 
i; 17:8 24-4 0 53 50 40 35 — — 
7 17:8 24:4 2 45 43 41 of — — 
S.A. 17 26-2 + ee | 0 89 79 70 58 -- 33 
. 26-2 10:5 1 77 76 64 55 -— 41 
ne 26-2 10:3 2 75 rs 59 50 --- 39 
- 26:2 Lie 5 87 80 ae 60 — 44 
$255 Tap water| 24-0 0 51 48 44 39 — 35 
» e 24-0 5 53 51 50 43 -= 42 
. 15:7 24-0 0 47 45 44 40 — Pa 
eo 15*7 24-0 5 52 48 43 39 — 28 
S.M. 19+5S 255 23 +7 26-8 0 57 49 43 35 —- — 
ie Zo), 28-7 5 56 50 46 16 —- — 
S.M. 20+S 255 17 26-8 0 53 47 43 Sf — — 
* 19-7 28-7 5 55 53 46 39 — = 
S.M. 21 27-0 13-4 0 87 76 62 44 — — 
. 27-0 14:1 vA 88 71 64 40 — — 
_ 27-0 14-6 5 83 713 64 42 — — 
e 27-0 15:8 10 90 80 68 53 — — 
S.M. 23+5S 255 23-3 26-0 0 53 39 32 30 — — 
ee 23-3 26-9 2 50 41 oe 25 — — 
= 23°3 a pits: 5 54 42 32 24 — — 
a 23-3 28-4 10 — 47 40 32 — — 
§ 255 25-0 24-3 0 56 42 32 Jae 31 = 
24 - 24-3 0-1 50 45 39 28 23 — 
ie * 24-3 0-2 51 42 38 30 26 = 
7, : 24-3 0:5 53 49 41 31 aT — 
a 25-0 0 49 39 30 Dae = 16 
* se 26:8 5 53 42 30 24 — 20 
Mud from 
Liverpool Bay. x 24-0 0 64 55 - 43 31 — 14 
a be Poe | 5 61 56 42 31 — 20 
S.M. 24 26-4 5:9 0 75 47 41 pas 22 — 
e 26-4 vee s 82 57 54 40 34 — 
26 28-0 7°4 0 Bo 64 43 39 -- yes) 
re 28-0 8-9 5 90 71 61 50 — 52 
a4, 14-6 Zhe) 0 88 68 53 35 — — 
a 14:6 23-9 5 87 67 48 44 —- — 
28 24-8 37°6 0 ra 54 41 29 22 — 
a 24-8 41-7 5 66 46 34 23 16 — 
29 27-5 20:6 0 79 55 47 29 — — 
a 2/*s 20:6 5 86 56 44 28 -— — 
30 12-4 13-9 0 89 76 63 48 — 5 
12°4 14:5 5 98 81 66 39 = 28 
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Percentage of mud remaining in suspension at a 


depth of 10 cm. after : 
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TABLE 65—continued 
Concen- 
tration 
Salinity | Pengea | Settled 
of water matter | Sewage 
Sample. (gm. per (em. dry added 
1,000 | Weight | (Per 
ae per cent.). | 10 min. 
100 
litres). 
SMeasl 24-8 Sard, 0 89 
HF 24-8 24°5 5 92 
ay 29-4 9°8 0 95 
58 29-4 11-8 5S 92 
34 29-6 15:4 0 86 
ae 29°6 16:4 5 98 
35 30-0 18°8 0 93 
aA 30-0 20:5 is 91 
36 30-0 23°7 0 84 
- 30-0 25-9 5 87 
39 14:3 60-0 0 73 
35 14-3 61-5 5 Ips 
41 Veg orl lo 0 75) 
ae heey: 20°6 5 74 
46 16:2 WAGES) 0 —— 
3 16-2 15-0 5 83 
61 21-0 11-9 0 74 
Bp 21-0 14-0 5 78 
50 12 17:8 0 67 
oS joy 22-3 5 69 
53 24-0 9-8 0 83 
es 24-0 12°8 © 79 
S 335 Tap water| 12-7 0 65 
6 ap IG4o9 0-2 64 
Bo es 13-9 0:5 61 
5p A 14-0 1 60 
38 on 13-0 2 68 
Jo ap 14:5 5 66 
S:M. 88 23-0 iejou 0) 80 
23-0 14:0 5 79 






































30 min. | 1 hour. | 2 hours. | 3 hours. | 4 hours. 
69 4] 29 = —_ 
70 40 29 — = 
76 59 49 37 _— 
76 66 o2 43 a 
78 66 43 30. = 
78 62 Bye 4] == 
Wi 56 37 25 — 
67 48 33 30 == 
D2 53 32 18 = 
67 44 32 20 = 
48 29 19 ites = 
37 25 16 13 a 
ae 37 25 ok = 
SY 37 30 sss — 
70 62 50 33 aot 
79 57 42 39 = 
55 57 40 29 —_ 
58 50 40 31 — 
28 23 18 16 — 
40 28 30 De — 
73 44 19 13 == 
59 40 23 26 — 
59 50 41 31 = 
5, 46 43 33 — 
49 46 34 33 — 
49 45 34 36 aoe 
55 46 43 38 a 
55 49 40 37 es 
39 36 28 17, = 
35 42 26 20 = 
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ESTUARY OF THE RIVER MERSEY 


TABLE 67—Effect of Sewage on Rate of Sedimentation of Mersey Mud at Various 


Temperatures 


S = Mersey Mud 


Length of Sedimentation Column 9 ft. 
Salinity of Water approximately 25 gm. per 1,000 gm. 






































‘ Mean 
eee Concentration | temperature 
Sample. Ne of sewage during 
p dry weight (per bea ee sedimenta- 
per 100 litres). tion (°C.). 
S 450 25:8 0 5:0 
i 3 0 5:0 
» A: 5:0 5:5 
13 i 5:0 5°D 
r 0 16-0 
D3 0 16-0 
r s 5:0 16-0 
» ne 5:0 16-0 
r = 0 24-0 
- - 0 24-0 
“ 5:0 24-0 
» 5:0 24-0 
S 449 29-0 0 720 
”? ” 0 7 - 5 
» x, 5:0 es 
13 : 5:0 1-0 
» ie 0 Les 
r» > 0 17°5 
» 2 5:0 17°5 
r» 3 5:0 17°5 
: i 0 24-0 
r ‘; 0 24-0 
r3 : 5:0 24-0 
r 7 5:0 24-0 
S 450 20:6 0 9-0 
” ” 0 9 . 0 
03 “ 5:0 8-0 
r s 5:0 8:0 
. 3 0 i7e3 
” < 0 17-5 
¥3 = 5:0 17°5 
5 i 5:0 L733 
r» : 0 23:5 
“ 0 24-0 
» 5:0 23°5 
r = 5:0 24-0 











10 


min. 


COWwWwWENWAWNANMWL NNR RK WONWAhNH OD Hm BO OO U1 O01 & U1 GH OG bo 


Percentage of mud settled after : 






































20 30 50 70 90 
min. | min. | min. | min. | min. 
5 8 12 19 30 
5 8 13 23 39 
5 11 18 35 48 
6 9 16 29 43 
9 16 34 56 Pps 
8 is 29 50 67 
9 15 31 46 55 
7 16 39 64 80 
6 15 50 72. 84 
6 16 50 70 81 
10 27 64 78 90 
10 a 68 86 97 
5 7 14 29 50 
5 9 i v7 44 
5 9 25 41 51 
> 8 yas 40 52 
ii 16 40 64 ee) 
7 15 36 60 73 
8 22 58 79 88 
vf 19 53 72 82 
7 21 61 80 92 
i. 22 55 69 76 
it 42 70 82 88 
11 42 69 80 87 
i 10 14 21 32 
5 8 2 19 27 
5 9 14 2A 31 
5 9 12 22 30 
6 13 witest 36 Se 
7 9 16 oo 54 
eh 13 32 54 69 
yi 13 27 46 63 
14 YW 39 61 74 
5 1b, 31 52 63 
8 19 45 62 p'4 
8 18 45 64 74 
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TABLE 68—Effect of Sewage on Rate of Sedimentation of Muds from Various 


Estuaries 


Salinity of Water approximately 25 gm. per 1,000 gm. 





Sample. 





Samples from estuaries 
in Essex : 
Sour S <. 


Severn Estuary, Mon- 
mouthshire : 
Severn 1,. 


” 












































Percentage of mud settled through 
Concentration | Concentration Sit, alten: 
of mud (gm. of settled 
dry weight sewage 
per 100 litres).| (per cent.). 10 20 30 50 70 90 
min. | min. | min. | min. | min. | min. 
21:2 0 2 6 12 39 62 78 
20-9 0 2 6 13 38 59 75 
20-9 0 3 6 12 32 49 62 
21-7 5:0 3 7 17 50 69 83 
20-5 5:0 ys 6 Li 51 70 84 
21-4 5:0 Z $j 19 55 76 92 
2a 0 + 8 12 25 44 56 
B22 0 3 ey 12 5 47 61 
25°4 5:0 3 9 26 54 63 67 
24-8 5°0 5 it 34 63 72 76 
23°7 0 3 6 11 40 70 87 
24-0 0 3 6 11 38 67 85 
24-7 0 3 6 12 36 64 80 
26:6 5:0 2 6 26 64 ry) 84 
26°8 5:0 2 5 24 61 75 83 
26:6 5:0 3 8 30 77 95 | 104 
30-0 0 6 11 yi 40 58 75 
30-0 5:0 6 11 18 53 72 86 


























TABLE 69—Effeci of the Addition of Mixed Living Sewage Bacteria on 
Rate of Sedimentation of Mersey Mud 


SM = Suspended matter from Estuary 


= 


= Mersey mud 


Salinity of Water approximately 25 gm. per 1,000 gm. 


Volume of 
bacterial 
suspension 
added 
(per cent. 
of volume 
of mud 
suspension). 


Sample. 


SM 130 


bo = 
ooooCoOm- 


SE) 2110 Fi] SOM Caenrean) (es) See) Si) (eee) 





ouooouLpy, 


poued 





Percentage of mud settled through a depth of 
































; 9 ft. after : 
Concentration 
of mud (gm. 
dry weight 
per 100 litres). 
10 min. | 20 min. | 30 min. | 50 min. | 70 min. | 90 min. 
15-8 6 12 17 30 40 53 
> 6 10 15 24 34 46 
re 6 10 16 a) at 4] 
*: 5 9 14 24 on 49 
29 8 13 18 28 40 52 
2 5 10 15 ae 38 53 
a 7 13 18 a3 48 60 
i 5 9 14 30 45 59 
2755 4 8 i 34 56 Te 
“3 2 7 11 29 52 67 
“ 4 9 13 35 == == 
© 4 9 14 36 62 76 
. 4 8 12 ol 56 69 
Fs 2. 5 10 a2 Bs 70 
* 2 6 12 36 60 72 
. 2 6 12 35 57 70 
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TapLe 70—Effect of Vigorous Stirring on Rate of Sedimentation of Mud through 
10 cm. 


SM = Estuarine Suspended Matter 


Salinity of Water approximately 25 gm. per 1,000 gm. 












































Concentration Percentage of mud remaining in suspension 
. of mud Dauact at a depth of 10 cm. after: 
Sample. (gm. dry stirring. 4 
weight per ; ; 
100 litres). | 10 min. | 30 min. | 1 hr. @hrs. | 3 hrs. 
SM 46 12-5 0 — 69 62 50 33 
f, 16-1 4 hrs. 78 58 26 20 14 
SM 47 8°3 0 80 63 43 40 20 
7" x 3 hrs. TS) — 46 31 26 
SM 48 14°5 0 78 61 38 23 15 
a 3 hrs. 75 — 4] 21 17 
SM 50 17°8 0 67 28 23 18 16 
2 - 24 hrs. 72 27 16 21 13 
a i 1 day 76 4] 32 19 18 
¥ ~ 2 days 76 38 25 18 13 
‘3 3 eS 81 46 36 29 13 
a i CS vA 61 42 26 21 
oa - Goes 74 51 20 23 17 
; hy 145%. 84 56 39 P| 20 
% s 16: oe 89 59 39 ZF 25 
dt mn 26 85 60 31 16 18 
a - oouee 79 44 25 20 16 
SM 53 9:8 0 82 Tipe 44 19 13 
if > 1 day 77 50 26 27 18 
hs +. 5 days 84 49 23 10 6 
i 3 Sean Pye 24 12 8 5 
> Ss Lose 57 17, 4 3 3 
» 3 dee, vii 7 mS 5 6 
SM 58 15-4 0 64 34 20 12 13 
. }. 1 day 73 61 42 23 19 
. Fi 7 days 70 21 16 7 3 
2 = Ra sae 64 9 7 4 3 
“ " yee 30 8 6 3 4 
SM 84 16:1 0 62 45 34 28 25 
a 1 day 68 53 46 34 25 
= + 2 days 69 63 51 36 25 
a o : ae 69 43 26 18 15 
Pe A Sere 55 38 33 28 16 
yi 28-2 0 64 45 31 23 22 
2 e 1 day 70 41 33 24 18 
i - 2 days 65 54 38 25 19 
"9 > 4A 67 43 5 10 9 
” Fe D5 66 30 16 12 8 
SM 88 bee 0 80 39 36 27 17 
4 ¥ 4 days 75 34 29 Al 5 
SM 100 16-8 0 84 3/ 14 1Z 9 
f 1 day ii 28 21 10 4 
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TABLE 71—Effect of Vigorous Stirring on Rate of Sedimentation of Mersey Mud 
through Various Depths 
SM = Mersey Estuary Water containing Mud 
S = Mersey Mud 
Salinity of Water approximately 25 gm. per 1,000 gm. 


Length of Con- 
column | Length | centration 
through | of time jofmud(gm. 


Percentage of mud settled after : 











or which mud} stirred | dry weight 
was settled; (days). | per 100 10 20 30 50 70 90 2 
(ft.). | litres). min. | min. | min. | min. | min. | min. | hours. 
S448 9 0) 22:°8 5 11 18 31 50 69 
o oF 5 7 5 LZ 29 49 61 68 
PG 5 6 a 7 15 33 68 85 97 
$448 if 0 152k 5 9 13 22, 42 65 
5¢ i 6 = 8 21 50 100 125 138 
S448 - 0 24-3 4 9 16 40 65 80 
og i 3 an 4 11 20 52 79 94 
SM121 + S448 BS 0) 18:9 3 6 8 = 42 67 
- Fe 3 48 4 9 13 30 50 66 
. se 8 3 4 8 18 54 74 85 
if re 10 5 a 15 Si 67 86 98 
a6 15 aS 4 10 18 48 74 90 
SM124 + S448 * 0 16-2 4 8 12 22, 39 58 
a is 4 5 3 6 13 37 61 78 
S450 Fe 0 25°8 5 11 16 28 49 66 
a 3 0 s 5 9 14 26 46 63 
- 5 . 5 11 20 53 78 92 
= ‘ 5 * 4 8 15 42 69 85 
S457 s 0) 30°8 5 1 24 61 79 90 
5 > 0 > 5 10 21 55 72 83 
” ”) 0 ” 5 11 had 58 ei 88 
= m 9 y is is) 24 56 80 92 
fe A S i 4 10 20 53 73 86 
fc tS 9 i. 6 13 22, 54 76 90 
SM141 + S457 HL 0 30°3 3 10 23 45 58 66 
oe ” 9 & 3 Z 16 48 64 73 
SM141 + S457 a 0 30-3 3 10 23 45 58 66 
as i 7 - 6 45 62 76 83 87 
S458 . O 29-2, 3 7 Ws 40 62 76 
8 is 7 : 2 5 10 35 62 75 
S459 a 0 29 -2, 4 10 18 44 63 74 
Pe * 8 . 37 16 SAT) 59 80 9] 
S461 A 0 27°4 7 13 25 60 wh) 87 
a a 5 6 13 aed 53 73 88 
S461 e 0 31-0 5 10 17 52 74 86 
. vs 8 i 3 Fs MG er de (a 73 
S462 - O 30°8 %. 7 15 43 63 73 
_ : 0 f + 8 13 31 46 53 
. ks Zz td 4 g Ay ae 7 pe 82 
es . 7 Pe 4 12 29 57 73 82 
SM156 ++ S462 40 0 20-0 2 4 ZR NIG 2708) 44. GD 
PA - 7 me 3 8 13 31 69 80 84 
s 9 0 . 5 9 114 | 28... 47 | 62 | 79 
‘ : 0 - 5 10 15 27 44 59 74 
ae ” 7 A 3 9 26 63 78 89 100 
x! RS 7 Sf 3 9 27 63 79 89 101 
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TABLE 71—continued 





Length of Con- 
column | Length | centration 
through | of time jofmud (gm. 


Percentage of mud settled after : 




















api which mud] stirred | dry weight 
was settled} (days). | per 100 10 20 30 50 70 90 2 
(ft.). litres). | min. | min. | min. | min. | min. | min. |hours. 

SM156 + S462 4 0 20-0 8 19 yA 41 56 67 aD 
F < 0 S 7 25 40 57 68 81 

% ay i * 5 16 28 54 66 74 Sin 
" 7 k 4 11 22 49 61 69 76 
SM157 + S462 40 0 28-2 2 5 9 ibe 37 58 71 
0 + Z ss 3 6 12 37 68 19 84 
i o 0 , 4 9 16 36 54 64 74 
; * 0 + 2) 14 34 51 60 70 
» 7 . 5 14 39 67 81 90 A 
, ” 7 s 5 15 37 67 82 91 99 
+ 0 4 y) 15 22 34 43 52 58 
+ 0 a 10 19 26 39 51 58 65 
‘s 7 : 12 27 42 62 73 80 85 
, »» yi s 8 21 37 57 68 73 79 
SM159 + S462 40 0 32-7 3 Z 11 25 41 57 72 
» 6 3 5 rl! 18 34 55 72 81 
. 20 0 if 4 8 16 | -40 62 72 ie) 
iE 6 j; 5 10 18 46 66 75 81 
9 0 . 4 9 15 35 50 59 68 
3 6 i 3 8 22 48 61 68 74 
, 4 0 " 8 16 24 37 48 56 63 
r» » 6 ‘ 6 Ly. 32 51 61 67 71 
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TABLE 72—Effect of Stirring at Different Speeds on Rate of Sedimentation of Mersey 


Mud (S 462) 


Suspensions carefully sucked into 9-ft. Tube and settled 


Salinity of Water approximately 25 gm. per 1,000 gm. 





Concentration 
of mud 
(gm. dry 

weight per 
100 litres). 


22 
21 
22° 
22 
22 
22 


RROD!) NHDNHNHNOA 





— 
“s 
















































































Percentage of mud settled through 9 ft. after: 
Pee ar Speed of 
stirring stirring 
er) Oe Pr 0 20 30 50 70 90 
By min. min. min. min. min. min. 
0 -- 4 7 13 26 40 50 
0) — + & 14 26 42 53 
2 28 18 65 83 97 104 107 
2 55 3 11 34 63 79 81 
2 85 3 5 10 42 64 76 
2 132 2 ) 11 45 74 90 
0 — 4 9 26 53 64 72 
0 -— + 8 29 65 80 92 
3 28 51 96 105 113 117 120 
3 85 3 14 44 70 80 86 
0 —- 4 8 18 39 51 oe) 
0 “= 3 " 20 47 63 74 
4 28 30 qo 91 101 106 109 
4 85 3 9 26 47 56 61 
0 — 4 8 12 22, 38 51 
0 a= 4 if 11 22 38 52 
3h 28 25 70 87 103 109 113 
34 85 6 21 46 72 83 89 
0 — 4 8 18 39 51 59 
0 -— 3 9 20 47 63 74 
1 28 11 51 68 78 83 85 
1 28 29 83 101 111 116 119 
1 85 2 6 17 97 72 80 
1 85 2 7 33 66 a 83 
1 85 2 
Pero tee 08 11 57 74 85 90 93 
1 85 : ; 
Be hie 98 5 48 75 94 101 106 
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TABLE 73—Rate of Sedimentation through a Depth of 9 ft. of Mud from the Mersey 
and from Estuaries in Suffolk and Essex, after stirring slowly for Different Periods 


Speed of Stirring 28 r.p.m. 
Salinity of Water approximately 25 gm. per 1,000 gm. 









































Concentration Percentage of mud settled through 9 ft. after : 
of mud Time of 
Sample. (gm. dry stirring 
weight per (min.). 10 20 30 50 70 90 
100 litres). min. min. min. min. min. min. 
Samples from 
Mersey 
Estuary. 

$524 20:7 0 4 8 14 35 59 dA 
x 15 10 39 59 79 88 93 
. 30 17 47 65 80 87 92 
Es 120 8 106 118 126 130 132 
$525 21-0 0 2 5 9 18 36 a1 
ie 1 10 29 a2 71 81 87 
oh 30 10 44 64 79 86 91 
vs 120 16 55 74 88 93 97 
S526 20-9 0 4 7 +H 29 51 64 
# 15 6 28 se 6} 87 92 
of 30 16 58 76 88 94 96 
7" 120 54 99 110 116 120 121 
S527 223 0 3 tf 11 19 34 47 
ob 15 8 14 23 45 62 op 
H 30 4 12 25 50 64 73 
120 12 36 49 60 64 66 
S528 22:3 0 4 7 13 29 46 65 
* 15 7) 28 57 82 93 102 
e a 8 ol oe, 70 77 83 
* 120 25 72 88 98 102 105 
$528 30°9 0 6 14 33 61 75 84 
¥ 15 16 53 69 80 84 87 
a 30 29 73 84 90 92 93 
% 120 43 80 87 93 95 95 
S529 22-8 0 4 6 11 29 50 68 
# its’ 10 34 62 84 94 101 
a 30 jp 48 67 82 89 95 
3 120 9 38 57 71 79 84 
S529 28-4 0 4 9 26 59 76 88 
> 15 14 60 82 97 101 104 
30 33 83 92 99 102 103 
x 120 46 88 93 97 99 100 

Samples from 

Suffolk and 
Essex 
Estuaries. 

Hamford 2 21-0 0 6 12 20 42 57 69 
» 15 7 19 35 54 | 65 74 
30 21 54 65 74 78 81 
7 120 51 93 104 112 Ber 118 
Hamford 12 22-0 0 2 5 8 7. 27 43 
i. 15 6 5 36 56 66 73 
+ 30 8 19 58 76 85 90 
5 120 20 66 81 92 97 99 
Deben ot 22:6 0 3 Z 11 30 50 63 
ys 15 6 35 55 ai 79 84 
x ‘120 39 78 89 98 101 102 
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TABLE 73—continued 



































Concentration Percentage of mud settled through 9 ft. after : 
of mud Time of 
Sample. (gm. dry stirring 
weight per (min.). 10 20 30 50 70 90 
100 litres). min. min. min. min. min. min. 

Stour iE 22-0 0 4 -8 14 42 65 ae 
” 15 9 36 62 79 85 88 

Y 30 13 43 fee 89 97 102 

Hy 120 10 43 68 83 90 94 

Stour 12 72-2 0 4 8 15 43 64 75 
2 15 Ly? 64 87 97 101 104 

“f 30 18 56 76 86 90 92 

- 120 16 58 80 89 94 96 

Blackwater 6 21°5 0 3 6 11 “aH | 54 68 
* 30 8 34 66 86 91 94 

120 11 45 oa 94 99 101 

Blackwater 7 2232 0 3 7 10 17 32 47 
4s 15 5 16 30 53 67 75 

a 30 8 30 50 67 76 82 

is 120 30 83 100 111 114 116 

Roach 3 21-0 0 iss 8 11 18 30 43 
2 15 6 14 30 55 66 i 

* 30 8 36 60 81 90 95 

0 120 21 61 74 85 89 92 

Crouch 11 22-1 0 6 11 16 34 53 65 
4 15 8 40 66 81 88 91 

" 30 a 36 61 76 82 84 

» 120 9 42 65 79 84 86 

Crouch 12 21-0 0 4 7 13 45 67 81 
ie 15 14 56 80 90 95 97 

fs 30 18 64 92 103 107 109 

rt 120 12 55 85 97 102 105 








TABLE 74—Stability of the Aggregates formed by stirring Mersey Mud at 28 7.p.m. 


S.462, Concentration 32-7 parts per 100,000. 
Salinity of Water approximately 25 gm. per 1,000 gm. 




















| 
Method of Percentage of mud settled through 9 ft. after: 
Time of introducing 
stirring | suspension into 
(hrs.). sedimentation 10 20 30 50 70 90 
tube. © min. min. min. min. min. min. 

0 Poured 3 2 28 63 78 85 
0 Pe 4 8 26 64 79 88 
4 Sucked 30 81 96 103 106 107 
4 * 32 83 98 105 107 109 
4 Poured 2 ‘i 24 59 72 81 
4 a 3 8 21 54 68 76 
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TABLE 75—Effect of Vigorous Stirring with Sewage on Rate of Sedimentation of 
Mersey Muds 


Salinity of Water approximately 25 gm. per 1,000 gm. 
Muds settled through a Depth of 10 cm. 
S = Mersey Mud 
SM = Mersey Suspended Matter 





















































Coneeitas ee Percentage of mud remaining in suspension 
eee ay Length an ot sete at a depth of 10 cm. after : 
Sample (gm. dr ue tee sewage 
ede ae te stirred ae 
100 litres). co) (per cent.). Be oY : a . 
P min. min. = he hrs. hrs. 
SM41 a 15-0 2 0 80 43 27 10 3 
* | ‘ 2 5-0 24 11 3 5 3 
SM42 eal 12-8 1 0 94 74 63 39 30 
5 a0) 70 26 16 8 5 
SM44 oy 14-3 1 0 71 48 38 22 14 
3 ‘ I 5-0 78 46 24 13 6 
SM46 - 1225 4 0 78 58 26 20 14 
3 + 5:0 76 15 Z 5 4 
SM59 aye 17:8 1 0 76 4] 32 19 18 
‘> MF 1 axel 82 51 28 20 14 
Fe e 2 0 77 38 25 18 13 
- y 5-0 32 18 16 15 18 
e 7 0 v1 51 39 22 18 
3 ‘; | 5:0 33 18 it 6 8 
‘ 14 0 84 56 29 aL 20 
»» :; 14 5:0 _ 18 10 8 7 
y, ; 19 0 89 59 39 27 25 
r ie 5:0 67 22 14 10 8 
y» 26 0 85 60 31 16 18 
; 26 5-0 77 29 8 6 0 
SM52 at 13-1 + 0 85 47 13 3 6 
. 4 5°0 44 5 3 3 1 
SM53 9-8 1 0 78 - 50 27 28 18 
1 5-0 76 26 10 10 < 
) 0 84 49 23 10 6 
5) 5:0 33 23 10 0 0 
| 13 0 56 17 0 0 0 
; 13 5-0 51 1 1 0 0 
| 18 0 66 12 1 1 i 
| 18 5:0 60 14 9 1 0 
0 ae 25 0 65 1 0 0 0 
r se ss 25 5:0 76 1 1 1 1 
SM65 es 33°9 us 0 61 19 16 Wet 8 
r» 2 0-25 63 21 13 Lb fi 
»» 2 hres 53 19 12 9 8 
rs 5 Z 1-0 59 14 10 7 5 
r» 2 270) 38 10 6 4 3 
r» . i 2 5-0 40) ie 8 4 3 
SM69 ae 10:7 1 0 69 51 15, wis 11 
- 5 d 0:25 76 35 9 9 3 
i 1 0-5 54 28 7, 6 a 
r» i 1 1:0 74 53 30 16 9 
r ; 1 2:0 67 54 31 16 11 
* 1 5:0 og ah 32 27 16 
; 2 0 82 50 18 11 10 
) 2 0-25 86 34 17 8 9 
2 0-5 85 35 21 8 2 
r 2 1-0 83 23 16 7 7 
» : 2 20 70 Ly) 8) 6 4 
” ” if Ye 5:0 aS 21 8 6 3 
| i 





TABLES 287 


TABLE 75—continued 





Percentage of mud remaining in suspension 


Concentra- Length Concentra- 











tion of mud AOR tion of settled at a depth of 10 cm. after : 
ar ‘ sewage 
Sample. poy stirred 8 
Fee ie ak days yaiers "ooo 10 30 1 2 3 
itres). (per cent.). min. min. hr. hrs. hrs. 
SM69 10:7 3 0 86 46 35 11 13 
- 2 3 0-25 72 48 30 14 7 
Le * 3 0-5 80 47 30 16 10 
i Ks 3 nt) 72 42 32 — 8 
ce be 3 2-0 84 29 28 ¥ 6 
+7 ay 3 5:0 83 27 18 3 2 
ft br 4 0 74 67 32 19 19 
H. - 4 0-25 68 41 A 17 ye 
- e 4 0:5 78 50 26 20 13 
ee rt 4 1:0 81 40 OA 23 16 
* E 4 2°0 76 34 21 20 15 
is Pe 4 5-0 81 28 8 It 8 
SM94 20:7 2. 0 87 47 38 25 18 
ie iy Z 5:0 81 va 21 13 9 
SM100- 16:8 1 0 Te 28 vA 10 4 
B A 1 5-0 67 20 18 6 6 
$355 4 34°8 1 0 44 19 9 6 3 
” F ” 1 0:25 38 18 11 5 3 
: :. 1 0-5 34 — 8 4 Vale 
a - 1 1:0 31 13 8 A 0 
a Re 1 2-0 36 12 7 4 3 
a = 1 5-0 32 12 6 Z a 
oF 17:6 3 0 38 oF 19 9 4 
4 3 0-25 36 29 7! 5 g 
= ¥ 3 0:5 30 24 1 3 3 
3 - o 1:0 35 29, 18 BA 2 
¥ 3 2-0 43 21 Z 33 4 
B iy 3 5-0 25 10 5 1 2 
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TABLE 76—E ffect of Vigorous Stirring with Sewage on Rate of Sedimentation of 


Mersey Mud through Columns of Different Lengths 


Salinity of Water approximately 25 gm. per 1,000 gm. 





SM = Mersey Suspended Matter 








5 |= Mersey Mud 
eae lanes Concen- Concen- 
column : ! 
tration of | Length | tration 
through 5 £ti F 
Sample. which |™U (gm. CH e 
ne (ary Weight] stirred | sewage 
mud was 
settled | Per 100 (days).) (per 10 
(ft.). litres). cent.). | min. 
SM120 2} 18-7 4 0 3 
2 ”? ” 4 0:5 iS 
” ” ” 4 5:0 12 
5448 5 22:8 ey 0 5 
”? ” ” 5 5-0 15 
a? ” ” 6 0 7 
»” ” ” 6 5:0 5 
”? ” ” 6 0 8 
»? ” ” 6 0-25 5 
2” ” ” 6 0:5 6 
2? ” ” 6 1-0 6 
” ” ” 6 2-0 6 
S448 as 24:3 3 0 4 
a” ” ” 3 0-1 4 
oes ”? oy 3 0:2 3 
2? ” ” 3 1:0 5 
SM121 + S448 a 18-9 3 0 4 
33 ” ” 3 0-2 4 
2 ” ” oO 0-4 3 
ahi ” ” 3 1-0 3 
9? ” 29 8 0 4 
» Af ss 8 0-6 4 
29 ” ’ 8 ee 4 
”? ” ” 8 3-0 3 
9 a ‘e 10 0 a 
” ” ” 10 0:8 7, 
22 be) ”? 10 1-6 Ss) 
a? ” ” 10 4-0 14 
393 +? 33 15 0 4 
” ” Pr) 15 1-0 5 
” ” ” 15 2-0 7 
ded ”? ” 15 5:0 10 
me ”? ” 3 0-1 5 
ded ” ” 5 0 6 
a2 ”» ce) 5 0:2 4 
SM124 + $448 eo 16:2 4 0 3 
a 2? ” 4 0-25 3 
nat 77 a”? 4 1:0 3 
ae 22 ” 4 5:0 5 
che ” ” 4 0-25 3 
a ” ” 4 5:0 3 
9450 » 25-8 5 0 5 
a” »” » 5 0 4 
#3 ?) ”» 5 5:0 5 
”? ” ” 5 5:0 3 
5457 ‘ 30-8 9 0 a 
nA ed ” 9 0 4 
sd ” ” ty) 0 6 
“i oF ‘ 2) 0-2 5 
” ” ” 9 0-2 5 
ieee 7 ” 9 0-2 WY 
| 9497 ” 30-3 if 0 6 
” ‘ 3 7 1-4 12 
a ”? ” Ff 3°5 o2 
34 ? ” i 7-0 21 












































Percentage of mud settled after : 


20 


min. 


95 








30 


min. 


15 
42 
85 


25 
83 
33 
31 
50 
33 
47 
57 
39 


20 
22 
16 
28 


13 
12 
14 
21 


18 
24 
37 
46 


31 
35 
56 
80 


18 
45 
57 
108 


73 
67 
59 
65 


13 
11 
15 
58 


13 
14 
40 


20 
15 
52 
30 


24 
20 
22 
23 
20 
17 
62 
83 
109 
96 








50 


min, 


53 
84 
107 


49 
112 
68 
63 
100 
68 
75 
85 
74 


52 
60 
49 
795 


30 
36 
44 
60 


54 
60 
ao 
67 


67 
63 
89 
106 


48 
87 
76 
129 


99 
91 
88 
100 


37 
30 
44 
88 


37 
40 
74 


53 
42 
92 
68 


56 
53 
54 
55 
47 
48 
76 
98 
120 
106 











70 


min. 


138 


109 
103 
101 
114 


61 
49 
66 
104 


61 
68 
93 


78 
69 
109 
92 


80 
73 
76 
75 
67 
73 
83 
106 
126 
112 


122 


130 
97 
86 

138 
98 
OF 

106 

110 


94 
93 
86 
106 


66 
65 
74 
91 


85 
90 
109 
83 


98 
84 
113 
128 


90 
119 
88 
144 


tly 
110 
108 
122 


78 
61 
81 
115 


78 
83 
105 


92 
85 
118 
102 


92 
86 
90 
87 
81 
87 
87 
111 
130 
114 


120 
min. 
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TABLE 76—continued 





Length of 


















































Concen- Concen- : 
er tration of | Length) tration Percentage of mud settled after : 
Sample. which |™ud (gm. | of time of 
mud was |“ty weight] stirred | sewage 

settled | Pet 100 | (days).| (per | 10 | 20 | 30 | 50 | 70 |-90 | 120 

Hae itres). cent.).| min, min. | min. | min. | min. | min. | min. 
$SM141 + S457 9 32:7 9 0 3 7 16 48 64 73 
” ; ” ” 9 0 Y 6 4 10 we 1 54 68 74 
” 2 ” 9 te, 4 9 18 47 63 71 
” ” ” ) 3 y 0 5 J 1 49 80 9 1 98 
$458 i 30-0 8 0 Ye 5 10 35 62 75 
9 - ap 8 0:25 2, 5 10 30 55 69 
$459 a SECS: 8 0 7 16 pep 59 80 91 
” ” ” 8 1 “4 0 7 ] 5 32 65 82 9 1 
ry) iF on 8 2:°0 6 14 oil 61 7/7 88 
” ” ” 8 4 53 0 7 il) 43 Ts 90 98 
S461 #4 27-4 5 0 6 13 ae 53 73 88 
2” ”? ” 5 5-0 4 10 a vip 90 101 
S461 a 32°3 8 0 3 7 13 37 61 73 
1 ” D 8 0:25 3 7 15 45 69 82 
$462 3 31-6 5 On 3 8 21 58 78 88 
” ” ” 5 1- 0 3 8 28 69 88 98 
” ” ” 5 2: 5 Ds 8 29 58 Fall 79 
” ” ” 5 5 = 0 3 1 1 35 6 1 Tis 79 

SM155 + S462 40 al oor 6 0 3 8 14 33 63 75 80 

2 9 9 6 0 6 16 38 69 86 96 104 

* 9 2 6 0 5 14 34 65 82 92 101 

9 4 » 6 0 NY Dai) 42 63 76 85 92 

Ne 40 ri 6 5:0 Z 6 eZ, 38 65 69 Fl 

es 9 96 6 5:0 5 18 40 66 78 85 92 

a 9 6 5-0 5 Wipe 46 Wve 84 Oi 99 

s 4 of 6 5:0 11 By 50 Te 82 88 94 

ee 4 Be 6 5:0 9 31 53 77 88 96 103 

SM155 + S462 40 29-9 6 0 8 13 PD 43 70 79 82 

a 9 a 6 0 6 7; 41 Tp 87 96 104 

x 9 ae 6 0 7 20 47 TE 92 100 108 

ey 4 s 6 0 12 30 oil 75 83 96 103 

- 4 ae 6 0 14 33 56 83 97 106 114 

a 40 Ae 6 5:0 2 7 17 4] 63 69 71 

me 9 ee 6 5-0 6 28 56 83 97 107 TAS 

be 9 - 6 5-0 5 ae 54 81 94 103 eT 

a 4 oe 6 5-0 9 29 51 73 86 94 101 

SM157 + S462 40 27-4 a 0 3 6 12 OF 68 79 84 

as 9 5 qf 0 5 14 39 67 81 90 97 

a 9 * 7 0 5 15 oF 67 82 91 99 

Ps 4 a 7 0 12 26 42 62 73 80 85 

ss 4 85 yh 0 8 21 3Y/ 57 68 73 7S 

a 40 Pe 7 5:0 2, 6 12 38 68 81 85 

n 9 a Fl 5:0 8 50 73 93 103 109 114 

Ks 9 i 7 5:0 8 47 73 94 103 110 115 

Pe 4 a ai 5:0 13 44 63 81 88 93 97 

rt: 4 - 7 5:0 16 48 65 80 88 92 97 

SM159 +. $462 40 2997 6 0 5 11 18 34 55 72 81 

es 20 a 6 0 5 10 18 46 |+ 66 To 81 

* 9 be 6 0 3 8 ase 48 61 68 74 

a 4 a 6 0 6 -17- 32 51 61 67 al 

i 40 Pr 6 5-0 5 ita 17 34 5: 68 75 

ms 20 A 6 5:0 3 10 19 53 70 79 84 

e 9 A 6 5-0 3 13 34 58 69 Ties, $1 

a 4 A 6 5-0 7 30 58 83 94 100 105 
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TABLE 77—Effect of Vigorous Stirring with Sewage on Rate of Sedimentation of 
Muds from Estuaries in Essex and Monmouthshire 


Salinity of Water approximately 25 gm. per 1,000 gm. 





Percentage of mud settled through 





Concentration Peri Concentration 9 ft. after : 
erlod of £ 
Sample. of mud (gm. |“. tiring of sewage 
dry weight a added 
per 100 litres).| (4@¥S)- | (percent). | 10 | 20 | 30 | 50 | 70 | 90 
min. | min. | min. | min. |} my me, 
Hamford 8 aoe 0 0 3 6 11 40 70 87 
s e 0 0 3 6 11 38 67 85 
F - 0 0 3 6 12 36 64 80 
- 3 0 5 2 6 26 64 77 84 
he i 0 5 2 5 24 61 72 83 
” * 0 5 3 8 30 | 95 | 104 
Z _ 2 0 3 6 11 30 53 69 
Ri S 2 0 3 6 11 34 56 69 
” + 2 0 3 6 10 29 49 60 
» E 2 5 3 Tale 78 | 104 (TIF eis 
» - 2 5 7 43 82° 1 rag 123° ia) 
#9 Y 2 5 5 Ze 67 | 104 | 119 | 128 
Severn 1 30:0 0 0 6 11 17, 40 58 75 
» x 0 2 6 11 18 53 72 86 
” 3 5 0 5 1 18 36 61 80 
5 5 5 11 20 a7 80 94 


TABLE 78—Effect of Vigorous Stirring with Uliva-Filtered Sewage on Rate of 
Sedimentation of Mersey Mud 


Salinity of Water approximately 25 gm. per 1,000 gm. 


SM = Mersey Estuary water containing Mud 





























Ultra- Percentage of mud remaining in suspension 
sie : of Concentration} filtered at 10 cm. depth after : 
Sample. ue of mud (gm. | sewage 
(days) per 100litres).| added 
; (per cent.).| 10 min. | 30 min. | 1 hr. 2 hrs. | 3 hrs. 
SM 52 4 13-1 0 85 47 13 0 1 
” - ” 5 ¥ 0 66 2S Lb) il 1 
SM 57 4 12-2 0 84 56 30 21 17 
” - ” 10 i 0 64 18 1 1 0 
SM 66 2 25:6 0 84 33 21 16 11 
” 2 % 2-0 37 31 20 14 1 
SM 67 3 15:3 0 75 55 39 24 16 
” 3 ” 1 " 0 dd. 57 32 20 14 
” 3 ” 2-0 70 50 35 22, 17 
” 3 ” 5:0 80 53 37 | 24 18 
” 3 ” 10-0 61 34 25 16 11 
» ; 3 ” 20-0 73 46 26 20 12 
SM 68 4 48-3 0 op 40 18 9 4 
” 4 ” 5 HY 0 64 26 10 3 3 
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TABLE 79—Rate of Sedimentation of Suspensions of Mersey Mud (S 462) with or 
without Addition of Sewage, after Slow Stirring at Different Speeds 


Salinity of Water approximately 25 gm. per 1,000 gm. 


Clots unbroken before Sedimentation 


Percentage of mud settled through 























: ee Period of | Speed of | Concentration 9 it. aster: 
dry wei Fi ‘| stirring stirring of sewage 
eee | Pm) | per cent) ig | 20 | 30. | 50 | 70°] 90 
min. | min.| min.| min.| min.| min. 

22-4 0 — 0 4 7 13 26 40 50 
21-9 0 — 0 4 7 14 26 42 53 
22-2 2 28 0 18 65 83 97 | 104 | 107 
2 55 0 3 11 34 63 75 81 

re 2 85 0 3 5 10 42 64 76 

Fe 2 132 0 2 5 11 45 74 90 

a 2 28 3-0 33 7h 82 90 94 97 

_ 2 55 3-0 6 38 65 81 87 91 

e 2 85 3:0 4 9 35 fa 84 91 

es 2 132 3:0 2 7 22 62 80 90 
28-8 0 — 0 4 9 26 53 64 72 
30:0 0 — 0 4 8 29 65 80 92 
29-4 3 28 0 51 O67 10S Pio 7 Lo 
oy 3 28 0-6 47 OF | 1020 F810, AVIA er 116 

. 3 28 3-0 60 91 98 | 104 | 107 | 109 

ar 3 85 0 3 14 44 70 80 86 

i 3 85 0-6 5 25 61 87 97 | 103 

a 3 85 3:0 8 54 1D 90 96 | 100 
27:4 0 = 0 4 8 18 39 51 59 
is 0 = 0 3 9 20 47 63 74 

. 4 28 0 30 79 91 | 101 | 106 | 109 

- + 28 0:6 41 88 98: 108 jwl12 | 115 

a z 28 3-0 37 72 81 88 91 93 

i 4 85 0 3 9 26 47 56 61 

e 4 85 0-6 5 26 54 73 82 88 

i + 85 3-0 20 78 OS #rell3 4) 11901293 
17-6 0 — 0 4 8 12 22 38 51 
a 0 = 0 4 7 eal th (le. saya a 52 
3°5 28 0 25 70 er (111035 je 109. | 113 

Ys 3°5 28 0:8 25 68 84 98 |; 105 | 108 

* 3-5 28 4-0 44 73 82 90 94 96 

i 3:5 85 0 6 21 46 72 83 89 

4 3:5 85 0-8 10 53 79 | 100 | 108 |; 113 

¥ 3°5 85 4-0 43 OG slide 128 S41 137 
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TABLE 80—Effect of Unsettled Sewage on Rate of Sedimentation of Mersey Mud (S 530) 
previously stirred slowly for Different Periods 


Clots Unbroken before Sedimentation 


Temperature of Sedimentation between 14° C. and 21° C. 
Salinity of Water approximately 25 gm. per 1,000 gm. 

















Concentra- Se ieee reher ae Percentage of mud settled through 9 ft. after : 
tion of before after tration of 
mud (gm. addition addition | unsettled 
dry weight of of sewage 
peed 00 sewage sewage | (per cent.).| 10 min. | 20 min. | 30 min. | 50 min. | 70 min. | 90 min. 
litres). (min.). (hrs.). 
| 
95-1* 0 2 0 8 32 56 79 89 94 
5 15 2 0 6 26 52 74 83 88 
, 30 2 0 6 25 50 71 80 84 
_ 60 2 0 6 31 60 85 96 101 
- 0 2 5 11 43 72 93 101 106 
ss 15 2 5 12 49 73 90 v7 100 
. 30 2 5 10 36 53 65 fe: 74 
” 60 2 5 9 31 45 56 61 63 
21-4 0 2 0 11 52 75 92 100 103 
3 15 2 0 12 54 fe) 95 103 107 
. 30 2 0 12 47 67 S2ur 88 91 
i 60 2 0 11 50 76 94 102 106 
4 0 2 5 18 73 oF 115 120 124 
os 15 2 5 10 53 ras 94 101 104 
Bs 30 2 5 14 49 66 78 83 85 
¥ 60 2 5 2 40 61 74 81 84 
25:3 0 2 0 4 29 54 73 83 88 
S 15 2 0 18 62 82 91 94 96 
a 30 2 0 20 59 78 86 88 89 
= 60 Z 0 16 60 82 92 96 98 
a 0 2 2 20 68 90 101 105 © 107 
, 15 2 vs 17 57 76 84 87 88 
5 60 2 2 13 50 64 76 79 81 
23:5 0 1 0 18 50 61 68 70 71 
% 30 1 0 14 46 61 69 72 73 
” 60 1 0 12 48 66 76 80 82 
” 0 1 5 18 56 77 85 87 89 
” 30 1 5 ivi 53 70 79 82 84 
” 60 1 5 17 53 72 83 86 88 
27:4 0 1 0 16 42 53 58 60 61 
” 30 1 0 10 40 54 61 64 66 
” 60 1 0 16 51 67 75 78 80 
” 0 1 > 19 50 65 73 76 78 
” 30 if 5 20 54 68 75 78 80 
” 60 1 5 13 53 74 83 86 88 
23°8 0 1 0 9 30 46 57 61 62 
” 30 1 0 8 29 48 60 65 67 
22° 0 1 1 6 26 50 68 73 76 
»” 30 1 1 4 24 49 67 73 ee) 
” 60 1 1 6 34 59 74 78 81 
23°4 0 1 0 25 56 65 a 73 74 
Ff 30 1 0 18 56 65 76 80 81 
2 60 1 0 + 33 56 72 7 81 
” 0 1 5 24 66 80 86 88 88 
» 30 1 5 30 72 85 91 94 95 
7 60 1 5 23 70 84 92 95 96 


























* S.M. 165. 
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TABLE 80—continued 


















































Concentra- thaws sgt hacen Percentage of mud settled through 9 ft. after : 
nae on before after tration of 
oy addition addition unsettled 
Sr eens of of sewage 
ae sewage sewage (per cent.).| 10 min. | 20 min. | 30 min. | 50 min. | 70 min. | 90 min. 
: (min.). (hrs.). 

34-2 0 1 0 27 aD 47 51 53 53 
” 30 1 0 25 47 58 63 65 66 
3 60 1 0 6 28 40 49 53 56 

36:7 0 1 co 19 49 56 61 63 64 
” 30 1 5 25 57 64 68 70 Ty 
” 60 1 5 10 38 47 Sil 53 54 

oes 10 1 0 38 67 75 80 83 85 
= 30 1 0 32 Tez 83 90 94 96 
$a 60 1 0 29 Al 82 90 93 95 

33-9 0 1 1 24 60 vk) 79 82 83 
» 30 1 1 25 70 84 92 95 97 
” 60 1 1 sae 73 86 95 98 100 

35°5 0 1 0 17 39 44 49 52 53 
” 30 1 0 9 35 43 50 54 56 
ne 60 1 0 Dal 53 61 67 71 73 

36-3 0 1 1 14 39 58 64 68 70 
os 30 1 1 4 27 42 Be 59 61 
9 60 1 1 9 36 54 61 66 68 

26-4 0 1 0 ws 64 75 82 85 87 

28-5 60 1 0 25 74 90 100 | 103 105 

28-1 120 1 0 33 92 107 117 ail 123 

28-0 0 1 if 18 66 89 103 107 110 

27-0 60 1 1 el 75 100 iS 119 122 

28-2 120 1 1 27 81 100 109 122, 114 

Toe] 0 1 0 5 34 60 81 89 93 

23-2 60 1 0) 6 31 59 82 91 96 

23-4 120 1 0 6 43 7 99 109 114 

23-1 0 1 1 5 23 55 81 91 97 

22°6 60 1 1 6 38 77) 100 Heit 116 

23-4 120 1 1 4 16 55 92 109 116 

31:1 0 1 0 5 29 57 We 79 83 

29°7 60 1 0 2 oo 59 80 87 92 

30:6 0 1 il ii 49 74 87 92 95 

30°3 30 1 1 5 ol 66 98 106 110 

29°8 60 1 1 4 28 62 79 84 87 

29°3 0 1 0 14 56 73 81 84 87 

28-8 30 1 0 20 70 93 103 107 110 

BIOs: 60 1 0 19 72 99 Ut 17 120 

28-4 0 1 2; ile 58 | 7/5) 87 92 94 

27-9 30 1 2, 10 48 74 85 91 94 

28-1 60 1 Me 18 64 82 oF 95 97 
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TABLE 81—Rate of Sedimentation of Mersey Mud eroded from the Bottom of 
5-litre Beakers into Water or into Water containing Unsettled Sewage 


Sample. 


Salinity of Water approximately 25 gm. per 1,000 gm. 


Mixture stirred slowly for Various Lengths of Time and the Suspensions Bieter into 9-ft. 
Sedimentation Tubes 


S = Mersey Mud 








Concen- 
tration 
of mud 
(gm. dry 
weight 
per 100 
litres). 

















oe) 
J 
NBME ROWDY 


36: 
36° 
35: 
36: 
36: 
34: 
35° 
35: 
35: 
35: 
34° 
35° 


32: 
33: 
31: 
33: 
33° 
32: 
30: 
32: 
33: 
32: 
31: 


ONwANnNAOLRONOCSO NONNNDONY WOO 





























Temperature Concen- 
during tration 
sedimentation (° C.). of 
unsettled 
sewage 
added 
Initial. Final. (per 
cent,), 
4-5 7°5 0 
fe 5 0 
" oF 0 
As "A 2 
‘e Ms 2 
21°5 22-5 0 
"0 0 
4 3 0 
5 2 
7 * 2 
5:0 TQ 0 
oe 3) a0) 
” >? 0 
A’ ee 3 
a) a9 3 
op Lb 3 
22.0 22-5 0 
a3 2) 0 
” i 0 
a” > 3 
5 3 
4 e 3 
4°5 6-0 0 
ep oe 0 
2) ” 3 
” A 3 
23-0 23-0 0 
” ” 0) 
a) ” 0 
” ” 3 
» ie 3 
” ” 3 
4-0 6-5 5 
” 6:0 5 
”? ” 5 
” ” 0 
2) ” 0 
? a” 0 
21-0 22:0 5 
a7 ” 5 
” ” 5 
” 23-0 O 
” 22-0 0 
” ” 0 
450 6-0 5 
a7 a” 5 
” ” 5 
a9 ” 0 
a9 » 0 
” ” 0 
22-0 23-0 5 
5 
0 
0 
0 











Length 
of 
time 
stirred 
(brs.). 





10 


min. 


36 
81 
33 
25 
18 
76 
73 
71 
59 
59 


47 
42 
46 
24 
29 
28 
ol 
oF 
83 
61 
45 
27 


48 
a4 
29 
25 
71 


67 
52 
58 
37 


13 


32 
32 
22 
38 
41 
31 
52 
51 
50 


51 
38 
35 
60 
a) 
49 
104 
100 
89 
96 
91 


Percentage of mud settled through 


20 


87 
94 
87 
79 
59 
105 
99 
108 
91 
88 





93 
92 
102 
79 
rei 
71 
117 
108 
118 
89 
80 
63 


85 
83 
85 
79 


88 
99 
85 
92 
90 





63 
18 
27 
85 
78 
69 
64 
75 
ad 
85 
93 
87 


94 
83 
78 
104 
113 
92 
119 
116 
98 
109 
107 





min. 





9 ft. after : 
30 50 70 90 
min. min, min. min. 
97 103 105 106 
101 101 103 105 
101 108 i 112 
100 109 iis 115 
75 85 84 91 
108 110 112 inte 
102 105 107 107 
113 116 118 119 
96 94 101 102 
93 96 98 99 
101 106 108 109 
102 108 110 | 
113 120 123 125 
95 107 Van 114 
90 98 101 103 
83 91 94 95 
119 122 123 N94 
113 116 Li 118 
Leg 125 126 127 
95 100 102 103 
87 93 95 97 
74 83 87 89 
93 97 99 100 
91 96 98 99 
99 108 a2 114 
93 101 105 107 
91 93 94 94 
103 107 109 110 
91 96 99 101 
97 101 103 105 
102 110 OG 118 
81 92 96 99 
47 65 72 75 
59 79 87 91 
97 104 107 109 
87 93 96 — 
83 90 93 95 
68 Tia 73 73 


80 85 87 89 
88 97 104 
90 94 97 98 


99 104 106 107 
92 ! 96 97 — 
104 112 115 116 
94 100 103 105 
94 105 111 113 
113 119 122 123 
122 127 129 130 
100 105 108 109 
123 125 128 128 
120 122 124 124 
100 102 103 104 
113 116 117 118 
110 113 114 115 
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TABLE 81—continued 























C Temperature Concen- Percentage of mud settled through 
ae “gee during tration 9 ft. after : 
tration | sedimentation (° C.). of Length 
of mud. unsettled of 
Sample. | (gm. dry | sewage ime 
pent added | Stirred | 10 20 30 50 70 90 
per 100 | fnitial. Final. (per Ts.) min. | min. | min. | min. | min. | min. 
litres). cent.). 

S 532 27°5 4-0 6:5 5 34 12 67 87 99 104 106 
27°9 - s 5 . 8 47 71 86 92 96 
oa 26-0 4 . 5 - 7 45 78 99 106 111 
Se 27°6 A Ps 0 Ap 8 49 80 98 105 110 
Pr 26°8 Fe + 0 :, 9 52 oe 92 98 101 
FF 27-7 >A 3 0 - 9 50 68 79 85 88 
‘; 28-1 23-0 23-0 0 ; 53 92 98 102 104 105 
i 27°9 7 Le 0 3 62 108 116 121 124 125 
* 26-9 rf a 0 io 51 100 107 114 117 119 
“ 27°14 ) : s 5 : 37 67 ie 76 78 79 
“ 27:3 i if 5 < 39 90 100 108 112 114 
3 27 +2 re a 5 ~ 36 88 96 103 106 107 

S 533 26-4 3-0 6-0 5 3 5 35 73 99 106 109 
- 28-0 % 3 5 PP 4 24 51 73 80 83 
7 26:3 re 5:5 5 - 6 33 75 104 412 117 
* 27 °2 7 3 0 Mi 4 11 43 79 92 29 
a 27°72 5 - 0 ns 4 21 51 82 93 100 
A 27-4 ‘ uy 0 S 4 15 49 70 78 83 
os 29-0 225 23-0 5 2 37 82 90 95 a= 98 
= 29-1 3, < 5 ra 24 74 85 93 ~- 98 
i, 28-3 i a 5 HF 30 86 101 110 — 115 
P 27°5 - ¥ 0 iP 10 65 85 97 — 106 
a 29-5 - i 0 is 20 76 90 98 —- 104 
Aa 28-9 FP ss 0 - 23 82 96 106 a 112 

S 534 37-0 3°5 6-0 0 3 3 9 32 oo 67 74 
- 35-1 y, 5 0 5 3 Zz 17 57 73 80 
a3 36-3 a 5 0 ré 3 9 26 68 83 89 
_ 36-5 ‘3 - 5 , 3 23 67 102 111 116 
a 36°3 * : 5 i 4 17 49 82 91 96 
36°5 re y 5 - 4 20 55 86 95 99 
- 34°5 22-0 23-0 0 5 Z 50 69 80 85 88 
a 39-2 re - 0 - 9 50 71 80 84 87 
. 36-1 FF - 0 “+ 6 45 76 90 97 100 
oe 35:2 -, 23°5 5 is 25 79 95 102 106 108 
a 36-7 ? 5 3 27 86 102 110 113 115 
* 37-4 be a 5 pa 11 71 96 106 111 114 

S 534 32-3 4-0 6-0 0 3 4 15 46 fp 82 88 
z 29-9 ‘ 3 0 # 4 12 37 65 75 82 
= 28-4 o a 0 - - 10 32 66 80 87 
£ 30-9 : 3 5 mA 4 13 44 85 97 104 
a 28-9 F e 5 ~ - 26 61 88 95 a2 
a 31-3 oe iF 5 Pe 3 9 26 58 71 77 
_ 30-2 22-0 23-0 0 i 18 59 71 79 82 84 
32 30-6 i * 0 2 13 55 68 78 82 84 
oa 29-6 * 23°5 0 s 19 | 89 99 104 107 
e 30-0 :; . 5 i 22 71 84 93 96 98 
Sa 27°8 5 is 5 oe 21 83 101 112 117 iW bs, 
RS 30°3 , - 5 3 25 84 103 112 116 118 
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TABLE 82—Rate of Sedimentation of Suspended Matter in Mersey Estuary Water 


Sedimentations Carried out in the Field 





Date. 


Time from 
nearest 
high water 
E = Ebb 
F = Flood. 





26/2/36 


8 


27/2/36 


5/3/36 
6/3/36 


9/3/36 


10/3/36 


” 


13/3/36 


” 


” 


25/3/36 


26/3/36 
11/5/36 
12/5/36 


22/5/36 


? 


” 











pops EeoiesirshesMesiesirsEroirsies Resi iroirs me okeoiesecohbsicoRrsRroiro hr olesirsiroRrsies ies Rrskeoieo i cok comeyeoRrseo Resales ewlesieslewesieskcoes Revi eolcshcoleolcsheohcoRrs Brokers BeokeoBesirsirolesissiirs) 

Mm INN N NN NNN NNN WOMENS SOOM SEEN NNN WWNNSOSSSOOM A OOANNN HM OSUNN A WNNOMMNNWONNN 
is Mkaatiel lack: Albaetictaialaacs Gage Sit woels Make eee ies ie neve. ech init 
nn 





Method of 
filling sedi- 


mentation tube: 


Weight of mud (gm.) settled through 9 ft. after : 





























Tem= |) S = Filled 
perature sithour 
es breaking clots. 
(°C.). | p= Poured 10 20 30 
into tube, min. min. min. 
clots broken. 
4 S 0 -0666 0-2328 0- 3636 
4 Ss 0-0831 0 +2689 0-4806 
4 S 0-0458 0-0991 0-1711 
4 S 0-1537 0-3389 0-4589 
5 S 0-2469 = ~ 0-8343 
4 S 0-1154 0- 3437 0-5184 
4 S 0- 2682 0-5420 0-6999 
4 S 0-0720 0- 1820 00-2926 
4 S 0-0127 0- 3202 0-4566 
4 S 0-1082 0-3599 0-4848 
4-5 S 0-3074 0-6266 0: 7766 
4 S 0:0109 0-0244 0-0391 
4 S 0-0101 0-0249 00-0434 
4 S 0:-0575 0-1390 0-2043 
4 S 0-0295 0-0833 0-1227 
4 S 0:0537 0-1332 0-1753 
4-5 S 0-0672 0- 1604 0-2321 
4-5 S 0- 1364 0 +3469 0:-4443 
5 S 0+ 2850 0-5733 0-7294 
5 S 0-1537 0-4129 0 -6260 
5 S 0-0832 0-1833 0-2613 
5 S 0-1246 0-3103 0:4707 
is S 0-1494 0- 3681 0-5763 
5 S 0:3782 0: 7277 0-9594 
5 S 0: 1453 0-4276 0-5640 
5 S 0: 2095 0:-6112 0: 8364 
5 S 0-3947 0 -9332 1-1990 
6 S 0-9736 1-3908 1-5564 
5 S 0-0761 0-2190 0:-3178 
5 S 0-3971 1-0313 1-2766 
5 S 0-0663 0-1595 0 +2325 
5 S 0-0376 0-0999 0-1677 
5 S 0:0787 0-2138 0:2858 
5 S 0-0830 0-1678 0-2174 
5 S 0-0965 0: 1484 0-1788 
5 S 0-0104 0-0336 0-0602 
5 S 0-0552 0-1359 0-2035 
t S 0-1978 0-3451 0-4049 
4 iP 0:0128 0-0288 0 -0627 
4 S 0-0983 0-2670 0: 3557 
4 if 0-0589 0-0841 0-1212 
4 S 0-0677 0:1779 0-2580 
4 Pp 0-0274 0-0423 0-0577 
4 S 0-0805 0-1791 0-2344 
4 P 0-0265 0-0417 0-0597 
4 S 0- 1520 0-2634 0-3201 
4 P 0-0651 0-0806 0:0979 
4 S 0-0634 0:1471 0+ 2039 
4 12 0-0230 00-0333 0-0462 
4 S 0-1195 0+2145 0: 2784 
4 S 0-0634 0-1032 0-1308 
no S 0:0589 0-1336 0-1870 
—— S 00-0323 0-0830 0:-1344 
_- iB 0-0096 0-0186 0-0278 
5 S 0-0806 0 +2380 0: 3688 
7 ie 0-0532 0-0865 0-1451 
16 S 0-0565 0-0882 0-1218 
16 Pp 0:0384 0-0588 0: 0846 
15 S 0-0856 0-1877 0-2512 
15 1 0-0283 0-0502 0-0797 
15 S 0-0613 0:-1505 0-2073 
15 iP 0-0549 0-0724 0 -0887 
15 S 0:0537 0-1337 0-2085 
15 12 0-0412 0-0759 0-1221 
13-5 S 0:0645 0-1200 0:1715 
13-5 P 0:0460 0-0614 0-0939 
13-5 S 0-0434 0-0798 0-1176 
13-5 iP 0-0246 0-0460 0-0724 
13-5 S 0:0427 0-0729 0-0939 
13°5 P 0:0231 0-0387 0-0520 
13-5 Sj 0:0624 | 0-1070 | 0-1573 
13-5 P 0-0201 0-0368 0:0519 














40 


min. 


+8132 
+7479 
-3211 
-5637 
-7038 
-0635 
-6382 
*9485 
-2957 


“oor ocooco }S 


+3688 
+3789 
+2745 
+2270 
- 3227 
- 2441 
+1980 
-0932 
-2474 
*4512 


ocooooocooorFo} 


i=) 
i | 
(=) 
S 
© 














50 


min. 


Qooooccod, coocqcooceroocs 
i Sees Rees 
oo 
ioe) 
aD 








70 


SO: O'O S'S O'S ' SiS 2 O'S GeO a eS oo 
ve Me 
yds 
NI 
bo 


90 
min. 


0-5337 
0-7261 
0-3418 
0-6138 
1-0805 
0-7272 
0-9045 
0-4504 


0-0981 
0-1665 
0-3006 
0.1870 
0+2353 
0-3338 


Nee alo lal are ol a ed 


0-2604 
0-3604 
0-1871 
0-1891 
02369 
0-1453 


+2222 
-0767 
+5317 
-3175 
+2085 


OAQz 
*LtLo 


+3363 
+2198 
+2988 
+1776 
-3293 
+3817 
- 2602 
-2577 
-1983 
2217 
-1422 
-1143 
-2430 
-1449 


coocoocoocoococococoqoesaqcoco]o 


TABLES 297 


TABLE 83—Rate of Sedimentation of Suspended Matter in Water from the Estuaries of the 
Rivers Suiy and Barrow, Inish Free State 


Sedimentations Carried out in the Field 














iY 





















































Method of 
Length of filling sedi- Weight of mud (gm.) settled through 9 ft. after: 
time from | Tem- mentation 
Place of nearest | perature tube : 
sampling. high water | of water} S = Clots 
B= Elood)) (°C). unbroken. 
EE Pbpb, Pj Clots 10 min. 20 min. 30 min. 50 min. 70 min, 90 min. 
broken. 
hrs.min. 
Estuary of the E 3.00 8 S 0-1048 0-1396 0-1621 0-1854 0-1999 0-2106 
River Suir. E 3.00 8 1m 0-0523 0-0821 0-1129 0:1571 0-1864 0- 2036 
E 3.40 8 S 0-3763 0-4309 0-4556 0-4749 0 +4852 0-4906 
E 3.40 8 ie 0-1005 0-1525 0-2069 0 +2548 0-2814 0: 2983 
E 4.20 8 > 0-3061 0-3815 0-4198 0-4660 0-4795 0-4890 
E 4:20 8 B 0-1449 0 +2389 0-3074 0:3834 0-4204 0 +4227 
E 5:07 8 =) 0-3790 0-4463 0-4695 0-4909 0-5021 0-5094 
E 5.07 8 P 0-1326 0-2103 0 +2602 0+3105 0-3376 0 +3546 
E 5.33 8 S 0-1204 0-1445 0-1557 0-1647 0-1700 0-1738 
Estuary of E 2.14 8-5 S 0-0640 0 -0890 0-1058 0-1264 0:1397 0-1477 
River Barrow.| E2.14 8-5 ie 0-0472 0:0625 0:0773 0-0949 0-1153 0-1296 
E 2.49 8-5 S 0-0390 0-0617 0:0771 0-0918 0-1011 0-1069 
E 2.49 8-5 ae 0-0138 0-0273 0-0389 0-0559 0-0763 0-0883 
E 3.51 8-5 S) 0-1002 0-1191 0-1265 0: 1355 0-1410 0-1447 
E 3.51 8-5 P 0-0261 0:0418 0:0535 0-0705 0-0993 0-1074 
E 4.07 8°5 S) 0-0386 0:0514 0-0593 0-0674 0-0718 0:0751 
E 4.07 8-5 P 0-0195 0:0316 0-0439 0-0617 0-0761 0-0874 
E 4.40 8-5 S 0-0859 0-1237 0-1453 0-1591 0-1665 0-1720 
E 4.40 8:5 te 0-0552 0-0916 0-1249 0:1775 0-2058 0-2251 
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TABLE 84—Concentration and Composition of Suspended Matter in the Mersey 
Estuary at Different States of Spring and Neap Tides 


































































































Time from | Speed of 
predicted float. ; 
high water.| Float a oa ane e 
Height of | EBB (E moving rom Roc ota. oncen- sys 
high water aoe ) upstream Light. depth of | Depth of | tration of pies c = 
Date. above. previous F. + Above,| water. sample. | suspended  ahakiae 
L.B.D. |highwater.| Float — Below. matter, fj 
FLOOD (F)| moving 
before next] down- 
high water.|stream E. 
(thousands (parts per 
(fey: (knots). OPteyieg (ft.). tai 100,000). 
Loss on ignition 
(per cent. of 
hrs.min. dry weight) 
30/7/33 24-5 F 5-30 _ +16-1 — 8 0-9 52 
F 4-30 EF 7220 +17:8 — 8 1-7 47 
Float Drift F 3-00 ES iO +31:6 — 8 2-8 31 
F 2-00 Ed +40°-5 — 8 2°0 40 
F 1-00 Be? +50°5 — 8 2-9 22 
F 0:30 F 1:0 +53-6 — 8 4-2 21 
1/8/33 23-6 F 5-00 F 0:6 +19°7 — 8 0:8 25 
F 4-00 EF 0:9 +24°8 ~ 8 2:2 18 
Float Drift F 3-00 F 0:8 +29°5 — 8 3-0 17 
F 2:00 dey iol +34-0 — 8 1:3 18 
F 1:00 EF 1-1 +41-7 — 8 0:8 16 
HW BO 0-7 +47-2 — 8 0-4 0 
4/8/33 25°9 E 0-15 = +64-2 --- 8 1-6 31 
E 1-30 E 1-6 +59:1 —- 8 1-4 23 
Float Drift E 2-15 1 2010), +48:°3 — 8 6:5 16 
E 3-15 E 2-4 +36:3 — 8 4-0 16 
E4:15 Bs 7 +21:1 — 8 1-3 34 
8/8/33 28-9 F 5-00 FF 0-0 +17:0 47 8 2-6 24 
F 4:30 F 0:8 +18-8 68 8 2-4 25 
F 3:30 1g 5y/ +27°1 50 8 2-0 20 
Float Drift F 2-30 B37, +41-8 33 8 25-4 14 
F 1-30 EF 3°7 +62:0 8 4 27-3 14 - 
F 0-30 F 2:0 +80:0 19 4 23-4 15 
HW eS +80-0 19 4 21:6 14 
E 0-30 F 0-4 +90:0 15 4 - 31-7 15 
9/8/33 28-3 F 3-15 E35 +51:5 12 8 28:8 13 
1EAGa is B26 +67:2 10 8 58-1 13 
Float Drift Be nS B07 +84-0 12 8 35-6 13 
F 0-15 F 0:6 +88:-0 12 8 14-1 16 
E0:15 Be t6 +89-2 14 8 15-1 i 
E 0:45 Ee Ost +90:7 14 8 5:7 22 
11/8/33 25-9 F 5-00 Be ali +38:-0 — 8 2°8 17 
F 4-00 F 2-4 a 26 8 7:4 17 
Fixed F 3-00 EF 225 re 32 8 8-2 16 
Position F 2-00 F 1:8 = 44 8 11-6 14 
F 1-00 F° 1-3 , 49 8 2-0 18 
HW F 0-4 # 44 8 1-0 27 
14/8/33 215 E 4-30 = +34:-0 22 8 1-2 0 
E 5-00 E 0-8 +31:-1 43 8 0-6 7 
Float Drift E 5:30 E 0:5 +29-4 45 8 0-6 25 
E 6-00 E 0-4 +28-0 7, 8 0:5 33 
F 6-00 E 0:3 +28-0 24 8 0-4 0 
F 5-30 Pa (W)cb’. +28:°3 22 8 0-5 46 
F 5-00 1S (oe +28°-5 43 8 0:5 23 
F 4-30 F 0:6 +29:-6 45 8 0-5 25 
F 4-00 eV oY/ +31:-9 45 8 0-5 46 
F 3-36 i ical +35:-2 40 8 0:7 47 
F 3-00 F 1-3 +38:°8 38 8 0-8 32 
F 2-30 F 1-6 +44:-7 25 8 3°9 16 
F 2-00 F 1-4 +48-9 14 8 2-9 11 
F 1-30 Baie? +52:2 28 8 2°3 22, 
F 1-00 1 10, +55-0 29 8 1-0 29 
F 0-30 lay Gout +57:9 25 8 1-0 32 
HW PE Oe7) +60:-1 20 8 0-9 27 
22/8/33 28-1 F 4-15 — Li lypoje! a 4 1-2 19 
; 57 12-4 13 
Float Drift F 3-45 F 1:8 4+21°5 — 4 1-8 13 
40 14-3 11 
F 3-15 EF 2-9 +30:-0 — 4 12-0 12 
32 32-4 12 
F 2-45 F 2:4 +36:7 — 4 2722 13 
16 32-4 13 
F 2-15 EF 3-2 +44-8 — 4 20-2 14 
24 25-0 12. 
F 1-45 F 3-9 +52°8 — 4 24-8 13 
15 20:6 13 
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TABLE 84—continued 


Time from} Speed of 
predicted float. 
high water.| Float 


Height of | EBB (E) | moving | Distance 


from Rock Total Concen- 


Composition of 








high water after upstream : Depth of | tration of 
Datei above previous F ; ay coe ee a Manis suspended abet 
L.B.D. {high water.| Float = B 2 oe ogee matter. oe 
FLOOD (F)| moving me 
before next] down- 
high water.| stream E. 
| (thousands (parts per 
(ft.). | (knots). of ft.). (ft.). (ft.) 100,000). 
Loss on ignition 
(per cent. of 
hrs.min. dry weight) 
23/8/33 28-5 F 5-00 E 0:3 +18-0 58 4 2-0 16 
52 2-4 15 
Float Drift F 4-30 Im Woe +18-8 62 4 1-8 13 
53 4-0 14 
F 4:00 BOS +21-2 74 + Wey) 23 
53 6-5 13 
F 3-30 F 2-4 +27-0 25 4 8-0 13 
23 10-9 12 
F 3-00 By 22 +34:-6 15 + 35-4 9 
13 43-4 10 
F 2:30 F 2-2 +40-2 38 ms 14-9 15 
36 23-4 13 
F 2-00 F 3-4 +48:°5 18 4 17-5 11 
16 20-2 13 
HW — +83-3 15 4 22+1 13 
13 33-9 12 
24/8/33 28-6 F 4-00 Foe ire: + 8:5 61 4 Ney 5 
53 12-2 10 
Float Drift F 3-30 Held +23-0 56 4 1-4 6 
52 2°7 9 
F 3-00 F 2-6 +28°7 49 m 3:4 8 
45 34:2 12 
F 2:30 F 3:6 +39:-0 33 a 26-6 12 
30 55°8 13 
F 2-00 F 3:1 +49:-0 28 4 38:7 12 
25 38-4 10 
F 1-30 B29 +57:0 26 4 35-4 11 
22 36:4 13 
F 1-00 F 2-4 +64-5 19 4 30-7 8 
15 34 +2 12 
F 0-30 F 1-4 +70°5 12 4 25-0 9 
10 23°0 11 
HW F 0:8 +73°8 9 4 12-2 10 
8 15-2 15 
E 0:30 F 0-4 +75:0 11 t 2°9 6 
8 4°5 4 
E 1-00 E 0:5 +74:-8 10 4 1:8 35 
8 3:7 5 
E 1-30 Ey 1-2 +71°5 11 + 8-3 20 
8 34-9 19 
E 2-00 Bo l?7 +65-2 15 + 18-5 14 
13 28:9 14 
E 2:30 HO 2-1 +58:7 a + 16-4 13 
iS, 16-0 15 
E 3-00 E 2-5 +53°5 22 4 22-2 13 
19 22-0 14 
E 3:30 By 2:0 +47:-0 13 4 a7 13 
11 18-6 14 
E 4-00 E 2:2 +41-0 29 t 16-0 14 
24 16-0 12 
E 4-30 E 2-3 +33°6 39 4 18-6 11 
40 23-8 14 
E 5-00 B25 +26°-5 69 4 5:5 20 
53 42-6 13 
E 5-30 E 2:0 +25:-0 34 4 3-9 14 
30 5:3 21 
E 6-00 ee ved +16-4 14 + 2°3 2 
12 2:5 29 
E 6:30 E 0:8 +13-9 39 4 Mey) 40 
36 2:0 37 
E 7-00 E 0:4 +13-0 37 +t 4-4 21 
28 1-8 36 
33 26-3 F 1-00 F 0:8 60-4 2 1 15-2 16 
rag F 0:35 EF 0-9 ute 5 : ac i 
Fixed F 0-15 F 0:7 Be 5 ; 
Position. E 0:05 By On7 o 5 3 5:9 22 
E 0:25 a Ss 5 3 nT Jail 
E 0-45 — - 4 3 9°5 17 
E 1:05 — bs 4 2 16-0 17 
E 1:25 E 0:6 e 2 1 26:6 15 
E 1-45 E 0:6 3 3 1 26°5 16 
, E 2:05 E 0:6 a 2 1 111-6 9 
a 
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TABLE 84—continued 
oe ee eee 
























































Time from | Speed of 
predicted ne 
high water. oe Distance 
| Height of | EBB (E movin Concen- 
Rey se qe ceet es sane a ck pee f Depth of | tration of | Composition of 
Date. = - F ee. oats sample. | suspended suspended 
above previous : 3. Above chen P. ig P 
L.B.D. | high water.| Float = Bel Oe matter. matter. 
FLOOD (F)| moving ; 
before next] down- 
high water.| stream E. 
(thousands (parts per 
Liane es) (knots). of ft.). (ft.). | (ft.). 100,000). 
Loss on ignition 
(per cent. of 
hrs. min. dry weight) 
26/9/33 24-4 F1-15 — +-66-7 es. 1 19:9 19 
F 1-00 F 0:8 a 3 1 16-0 18 
Fixed F 0-30 B6-6 ” : : on a 
ition FO-15 aS NA . 
Positio ae he 4 1 O4td 25 
E 0-30 E 0-6 as 4 1 3-4 22 
E 0:45 E 0-7 s 3 1 8-0 20 
E 1-00 E 0-6 or 2 1” 10-6 17 
27/9/33 Po, F 1-00 F0-8 +67°5 Be 1 13:7 17 
F 0-40 F 0-6 a 3 1 10-2 18 
Fixed F 0:20 — Ab 4 1 5°7 18 
Position. HW A as 1 2-9 19 
E 0-20 a Ph 4 1 3-0 28 
E 0-40 E0:6 4 1 3-0 31 
E 1-00 E 0:6 Be 3 1 7-0 19 
2/10/33 28-3 E0:15 0 —20-7 53 0 1-3 47 
40 1-8 29 
Fixed E 0-40 0 oe 53 40 0-9 30 
Position. E10 0 A 52 40 1:3 38 
E 1-40 1 ib) - 50 36 3-4 23 
E 2-10 1 Boll a 45 31 7°8 18 
E 2-40 E 2°5 Fy 42 22 9-4 21 
E 3-10 E26 55 40 20 5-2 18 
E 3-40 E26 ie 39 19 5°6 23 
E 4-10 E 2-4 i 36 16 Bilt: 17s 
E 4-40 E 2-4 e 34 14 10-5 23 
E 5-10 Bien a 32 12 9-4 17 
E 5-40 E 1-9 3 il 11 11:4 18 
E 6-10 1D, ihoy a 30 10 14:0 18 
E 6:40 E0"6 a 30 10 6:5 19 
Oxygen consumed 
(Adeney) 
(gm. oxygen per 
100 gm. dry 
weight) 
7/8/35 22-8 F 5-00 aa +34-1 30 3 2-2 14-3 
30 12 25 12-9 
Float Drift 30 25 3°8 Bp 
F 3-40 F 1-0 +41-4 36 3 1, 225i! 15-4 
36 12 5+7 2°8 
36 35 17:4 8-6 
F 3-00 EP all +49-0 22 3 13-8 9-4 
22 12 13-6 6-6 
22 18 14:4 Oh 
F 2-00 F L:7 +58:5 6 3 33-2 6-8 
F 1-00 IBe soit +63-7 6 6 26-6 a, 
F 0-20 1) | Woy +66-0 3 0 13-8 71 
9/8/35 220 E 4-00 — +37:7 20 3 2-6 10-9 
12 2°7 12-7 
Float Drift 18 7:2 10:3 
E 5-30 E 0:9 +34-1 42 3 2°4 12:5 
12 2°6 14:6 
18 3°9 10-8 
30 4-8 ited 
E 5-35 E 1-6 +26-4 49 3 1-4 19-1 
12 1-5 18-4 
18 270 13-2 
30 22 13°9 
E 6:33 E 0:8 +19-5 60 3 0-9 36-4 
12 1-4 22-0 
18 1-6 24-4 
30 2-0 19-6 
1 Dey foals) 1D) (NOY +16-6 60 3 1-0 25:0 
12 1-5 21-0 
18 1-3 heey 
14/8/35 28°3 FO0-15 — +17:3 75 0 6-4 10-3 
30 6:8 10-2 
Float Drift 60 6-8 10:5 
HW = +16-6 75 0 6:7 10-1 
30 5:4 10-4 
60 5:2 9-2 
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TABLE 84—continued 










































































Time from ge of 
predicted oat 
Height of high water. Raoia Distance Cena 
hich water| EBB (E) | unset 6 |from Rock| Total Tiedt ake ¢ | Composition of 
Date. y after EP ne Liekt depth of ee aes a ae suspended 
above : BE: gat: P sample. | suspended P 
i.B.D. Paes Figs + Above,| water. ARE: matter. 
high water. ae — Below. O 5 
FLOOD (Fi 7” Soh pipbedend pal 
before next nee (Adeney) 
high water.| Steam E. (gm. oxygen per 
(thousands (parts per 100 gm. dry 
(hE Ne (knots). of ft.). (ft.). (ft.). 100,000). weight). 
hrs.min, 
14/8/35 28-3 E0-15 ~- +13-8 72 0 7:6 8-9 
30 10-2 8-6 
66 10-9 8-6 
Float Drift E 0-30 = +13°6 78 0 5°3 10-2 
—conid. 30 6-0 9-4 
72 5:8 10:2 
E 0:45 — +12:3 66 0 Bog 11-1 
30 17:8 7°5 
60 18-8 6-9 
E 1-00 _- +14:7 TA 0 4:8 18-6 
36 4°5 12-5 
72 5:5 10°5 
E1-15 — +13:7 82 0 5:2 10-7 
36 7-0 8-6 
78 8-0 Sou! 
E 1-30 _- +14:-7 90 0 5:0 10:9 
42 7-4 10:5 
84 8-1 9-2 
E 1-45 —- +15-2 78 0 4°5 10-9 
36 9-2 9-4 
72 9-6 8-8 
16/8/35 30-2 HW — +18:0 78 0 3°8 12-5 
39 6-4 10-0 
Float Drift 75 6:3 8-5 
E 0-12 — +16°5 72. 0 4-8 10-3 
36 6-0 9-3 
69 6:3 11:1 
19/8/35 28-0 F 4-50 F 1-4 —46-4 6 0 13:6 6:2 
5 13-0 6:8 
Float Drift F 3-30 ie Whore) — 32:5 38 0 15:8 7°0 
18 20:6 6-0 
36 28-4 5-4 
F 1-30 F 1:4 —13-4 21 0 17-2 6:4 
9 20-9 5.3 
21 18-8 6:8 
F 0-30 i bool — 5:1 21 0 15-0 Tint 
10 27-2 6-0 
20 31-6 6-1 
21/8/35 26:1 E 5-30 — —- 0-9 56 0 4-4 11:0 
27 7°8 SOF) 
Float Drift 54 13-0 7:3 
E 6:05 — — 5:0 54 0 3-4 13-7 
; 26 6-0 7°3 
52 11:8 8-0 
LW -- — 9:1 45 0 2°3 14:9 
22 PAO 10-7 
43 29 11-1 
26/8/35 24-7 F 2:30 o +10:2 Te 4 8:8 8-4 
69 22-6 7:4 
Float Drift F 1-30 F 3-4 +32:°5 48 4 10:5 17°5 
45 13-6 8-1 
F 1-00 B23 +39°6 27 + 11-0 8-0 
- 24 11-8 Led 
F 0-30 Ey b7 +44°6 34 4 Sei 8:3 
30 12-4 9-1 
HW EO 193 +48:-1 27 4 8:3 Apo) 
23 5°2 21:3 
E 1-30 E 0:3 +46-6 21 4 5°2 10-5 
17 12:3 4-4 
E 3:00 Ee 2) +24-4 60 3 7-0 9:5 
56 11-8 8-3 
E 4-30 18, pAb + 0:3 48 + 6-2 9-4 
44 12-6 8°5 
E 5-00 1) UIE, — 5:0 36 4 3°8 10-0 
32 5:6 10-4 
E 5-30 ea? — 84 15 4 10<1 4-1 
13 3°8 20-2 
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Time from secs a 
, oat. 
predicted Float : 
Heicht of (Mgh water] wnovin Distance Concen- me 
hivt ee EBB (E) ‘ a from Rock Total Depth of | tation of | Composition of 
Date. ne a after palates Light. depth of P suspended suspended 
above : He sample. 
LBD previous Float + Above, water. matter, matter. 
| ee high water: ake? — Below. O d 
FLOOD (F) moving xygen consume 
bef. down- (Adeney) 
efore next t E 
hich water,| Stream E. (gm. oxygen per 
2 (thousands (parts per 100 gm. dry 
(ft.). (knots). OL tks) (ft.) (£3) 100,000). weight). 
hrs. min. 
28/8/35 26-7 F 3-00 F 3-4 +24:-7 68 3 11-7 8-6 
60 14-1 9-6 
Float Drift F 1-30 F 2-4 +52:0 28 3 23-7 8-9 
24 30°8 6-8 
F 1-00 iy 207) +59°-4 26 3 18-3 11-5 
22; 32-2 9-0 
F 0-30 im “ibou/ +66-2 21 3 22-5 9-4 
IF 27°8 Or2 
HW 1 io | +68:-6 73 3 13-1 10-3 
9 22-9 8-7 
E 0-30 F 0-4° +71-5 14 3 6-0 11-0 
13 8-2 10-2 
E 1-00 E 0:6 +70-3 12 3 3-4 13-5 
11 14:8 10-1 
E 1-30 1B. Wars +66-2 15 3 20-1 8-4 
14 25-9 9-8 
E 3-00 Be 2e3 +48-2 15 3 16-1 Ted 
13 17°3 8-1 
E 5-00 E 1:5 +25°3 56 3 6-2 10-4 
52 19-5 8-7 
E 5:30 1D, bots} +19-7 69 3 4-1 12°2 
65 Wiest 10-0 
E 6-00 E 1-4 +15-1 58 3 2:6 12-1 
54 20°6 8-5 
LW Dy ilo +12-1 37 3 2-9 1273 
27 3°4 10-0 
F 5-10 F 0-4 +12-1 9 1 6-2 26-0 
8 4:8 20-2 
F 4-40 F 0-9 +13-8 44 3 2-6 12-5 
34 6:3 10-7 
29/8/35 27°3 F 4-30 a + 9-9 60 3 2-0 18-7 
3 56 13-9 8-6 
Float Drift F 3-00 BF 229 +28°8 54 3 4:3 13-9 
50 31-7 6-6 
F 1-30 ley slay +52:-2 21 3 53°5 4-4 
17 9-4 30°3 
F 1-00 E77 +59-4 16 3 35-2 6:0 
, 55°8 4-8 
F 0-30 see +64:5 21 3 33-6 6-4 
17 40-1 4-7 
HW F 0:8 +66:6 15 3 18-6 8-1 
a 26-2 8-8 
E 0:30 F 0:7 +68:-2 15 3 Byoee) 12-7 
el 8-3 10:8 
E 2-00 1B lo, +63-0 24 3) 14-3 8-0 
20 13-6 9-2 
E 3:30 E 1-4 +46°5 11 3 27-1 6:3 
7 27-0 7°4 
E 5-00 E 1:8 +27-6 43 3 8-1 LL a7, 
39 53°] 8-4 
E 5:30 1d DESaI +22:°9 47 ‘3 7-0 Lou 
43 42-3 8-3 
E 6:00 E 0-9 +20-1 55 3 3-1 7 ea7, 
51 11-1 10:3 
LW FOES, +18-8 7 3 2-4 17-0 
53 3°5 10-9 
F 5-10 E 0:3 +17:9 58 3 2°3 15°5 
54 4-2 13-9 
F 4-40 E 0:3 +17-2 52 3 2-3 16-7 
48 3-0 13-3 
30/8/35 27°6 F 5-00 — + 9-8 57 3 2.2 22-1 
: 53 5°5 16-5 
Float Drift F 3-30 F 3-1 +21-5 75 3 5 hes) 18:9 
72 37-3 7:4 
F 2:00 1 YA +45:-4 30 3 26-1 7:9 
26 26°3 10-6 
F1-00-| F 1-4] +5736 15 3 16-3 9-8 
11 24-8 8-1 
F 0-30 F 0:8 -+60-0 9 1 16-8 13-4 
7 24-4 12-1 
HW F 0:9 +62-2 13 2 6-4 14-0 
11 13-3 13-9 
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Time from . of 
predicted Sto: / 
: oat ‘ 
Height of Pea ae moving ange ba Total Concen- C iti f 
high water ft (E) upstream Seer ee Depth of | tration of ce Aetna tae 
Date. above “abe : as ie ag sample. | suspended ica rgibna 
LBD previous Biwat + Above, water. matter matter. 
Pena nigh water. : — Below. ; 
FLOOD (F) moving Oxygen consumed 
before next TSaakebs me (Adeney) 
high water. Sopra (gm. oxygen per | 
(thousands (parts per 100 gm. dry 
(ft.) (knots). Ofsit.): (ft.). (ft.). 100,000). weight). 
hrs.min, 
30/8/35 27-6 E 0:30 O02 +62-9 10 2 6-7 11-9 
8 6-9 15:9 
Float Drift E 2-00 UD aa: +49:-0 14 2 39+1 4+] 
—contd. 12 123-5 15 
E 3:30 Eos +24-2 66 3 8-4 10-7 
E 3-00 E 2-3 — 2-0 42 3 12-4 12-5 
38 29-2 9-8 
E 5:30 1m), 0! — 8-0 45 3 3°8 11-8 
: 41 20-4 10-1 
E 6:00 EB 1:5 —12°-8 33 3 7-0 16-4 
29 10-9 gD Sess 
E 6:30 19, (ow, —15°8 26 3 4-7 11-3 
22 13-0 12-7 
31/8/35 27°5 F 5-00 —- + 9-6 54 3 2-4 15-9 
50 9-4 11-2 
Float Drift F 4-30 F 0:6 + 9:5 66 3 PAE | 16-7 
62 Ze? 7°8 
F 4-00 Bess +10-2 55 3 2-0 16-2 
51 41-0 6°5 
F 2-30 F 3:3 +14:6 | 3 35-6 4-5 
aS 323°8 0-7 
F 1:30 HZ +37°8 40 3 27-0 6-1 
36 137-0 2°6 
F 1-00 1 a +51:-5 32 3 70:8 5:4 
28 91-2 4-8 
F 0:30 IB> toy) +56:8 27 3 38-3 6:8 
23 87-7 4-8 
HW F 1:3 +63-1 16 3 13-7 7:6 
12 50:8 5:5 
E 0:30 F 0:6 +67:°8 13 ce 3°5 14-3 
it 6-7 uly Fay. 
E 1-00 E 0:6 +69°-9 10 3 3°6 13-9 
8 20-9 8-4 
E 1-30 15, toy, +68:8 24 3 9-4 9-0 
20 22-6 7°8 
E 5:00 B27) +15-7 44 3 7°8 10-2 
40 19-3 7-0 
E 5-30 1B) Aaa | + 8-6 52 3 11-6 7°8 
48 14-9 9-1 
E 6-00 i hoy + 4-7 25 3 Jay, 13-2 
21 5:7 11-4 
LW E 0:6 + 2-3 22, 3 3°3 13-8 
18 4-2 16-7 
1/9/35 27°3 E 6-20 — + 9:7 59 3 4-0 18-7 
50 8-9 12-9 
Float Drift LW E 0°8 + 7-0 42 3 2408) 20-7 
38 4-3 10-6 
F 5-00 — + 5:3 Zh 3 2°9 13-8 
23 B05 14-3 
F 3-30 B27 +15:°6 46 3 6-0 11-7 
42 9-2 9-2 
F 2:00 jay wojcal +43-0 42 3 58:9 5-1 
38 160-0 225 
F 1-30 Ee 2-6 +51:-4 18 3 33-1 Tog 
14 83-9 5-1 
F 1-00 B31 +59-3 26 3 8-0 1-9 
22 39-4 6-5 
F 0:30 F 1:8 +67:0 21 ~ 8 25-9 8-5 
17 52:5 6-2 
HW F 0:8 +70:4 10 2 16-1 7°8 
8 42-1 5:3 
E 0-30 — +72-2 10 2 7°3 12-3 
8 7:8 11-5 
E 2-00 BS 26 +56-3 26 3 32°7 6-9 
22 94-2 4-4 
E 3-30 2:6 +32:°4 47 3 15-3 9-8 
43 32°5 6-0 
E 5-00 1 | TBO, + 8-2 31 3 7:6 10-5 
2 9-7 9-8 
E 5:30 By 1-0 + 3-9 26 3 3°6 16-7 
22, 7°5 12-0 
E 6-00 EE 0:s + 1-0 35 3 4-9 14-3 
31 7°3 11-0 
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TABLE 84—continued 
Time from | Speed of 
predicted pela 
high water. loat Distance 
Height of | EBB (E) moving Concen- ae 
ees after upstream ee ck icky Depth of | tration of eich ens of 
Date. above previous : ef ee La rie sample. | suspended ee 
L.B.D. | high water. Float os fd : matter. : 
FLOOD (F)| moving ; Oxygen consumed 
before next} down- (Adeney) 
high water.| stream E. (gm. oxygen per 
(thousands (parts per} 100 gm. dry 
(ft.). (knots). of ft.). (f&): (ft.) 100,000). weight). 
hrs.min. 
2/9/35 22°6 E 6-00 — = 97 53 3 2°8 21-4 
49 21-3 11-3 
Float Drift E 6:30 1D ilove + 6:0 55 3 5-1 16-7 
51 12-0 12-1 
LW E 0:5 + 4A-] 52 3 3-1 14:0 
48 5:2 12-0 
F 5:00 Be Oe + 3:6 56 3 2:4 18-1 
52 3°8 22-4 
F 3-30 aoe +17-2 68 3 Die 18:2 
64 28-1 7:8 
F 2-00 F 2:6 +45:8 11 0 48:8 6:6. 
9 111°5 3:2 
F 1-30 F 2:0 61-9 11 if 2 Y/O9? eo 
9 57:0 5:8 
F 1-00 F 1-4 +56:3 22, 3 18-4 9-5 
18 41-2 7°4 
F 0:30 F 1:9 +62:4 on 3 12-5 12-4 
23 47-1 5:8 
HW 1 bors) +68:8 18 3 23-4 10:3 
14 31-3 8-0 
E 0-30 F 0:4 +71-9 17 3 13-9 11-2 
13 ity {Org 11-3 
E 2-00 1D, Aces) 157-7 18 3 46-0 8-6 
14 79-0 9-5 
E 3:30 E 2:0 +40-0 24 3 25-7 9-7 
20 30-7 7°8 
E 5-00 Eee 5 +20°-3 55 3 BIC) 18:9 
Si 12-5 12-0 
3/9/35 25-6 E 5:30 — + 9-4 59 3 6:4 12-5 
55 37°8 8-7 
Float Drift E 6-00 Boies 1359 70 3 3:1 19°3 
66 21-7 8-3 
E 6:30 13, hows = Ora 46 3 2-8 14°5 
39 5:9 13-6 
F 5-30 EB) 06 — 2-0 23 3 1-8 19-4 
19 2°8 25-0 
F 5-00 F 0-4 — 2-1 50 3 1-7 poy 
46 2-1 16:7 
F 4-30 F 0-7 + 0-5 48 3 1:6 23-4 
44 25 18-4 
F 4-00 Ip ijcil = 3-8 49 3 1-3 26-9 
46 5-2 19-2 
F 2-45 B29 12407 83 3 6:8 10:3 
783) 20-4 7°8 
F 1-30 B25 +44-9 5] 3 14:8 8-4 
23 23-3 5:6 
F 1-00 F 1-4 +48-7 11 w 19-4 9-3 
9 22-9 6-6 
F 0-30 F 0:8 51-3 14 2 10°8 10-2 
1 18-1 8-8 
HW F 0-6 +52°5 15 2, 9-3 10-7 
13 1-9 11-4 
E 0-30 E022 +51-2 14 3 3°4 pao JOH, 
7 iby 3:4 20°6 
E 1-00 EO +48-0 13 2 6:3 14:3 
11 10-5 9-5 
E 1-30 1D) Pas +41-9 27 3 3-5 15-0 
23 13-1 8-8 
E 3-30 E 3-1 +10-0 65 3 4-9 16-1 
60 14:5 11-0 
4/9/35 24°5 E 5-00 — + 9:5 63 3 10:9 11:0 
Float Drift E 5-30 i jogs swe? 76 Pe ee Bde 
iP? 37 9-3 
E 6-00 E 1-5 — 0-7 46 3 3-8 23-7 
42 8-6 12-8 
E 6-30 0-9 — 3-4 15 3 42°5 3-9 
11 3-0 16-1 
PF 4-30. “5 — 0-9 48 3 4-1 10-5 
44 4-0 11-9 
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TABLE 84—continued 


Time from} Speed of 
predicted float. 
high water.| Float 


Height of | EBB (E) | moving ole Concen- 


from Rock Total Composition of 



































high water after upstream : Depth of | tration of 
Pectted above previous : F, as ¥s rie e pe suspended hited anes 
L.B.D. | high water.| Float - B i shat at Ss matter. crag aa | 
FLOOD(F)| moving | ~ “°°: Oxygen consumed 
before next} down- (Adeney) 
high water.| stream E. : (gm. oxygen per 
(thousands (parts per 100 gm. dry 
(EE. (knots). of ft.). (Caen (ft.) 100,000). weight). 
hrs.min. 
4/9/35 24°5 F 3-00 F 3:2 +16°3 72 3 2°8 14-3 
68 22:5 9-8 
Float Drift F 1-30 BF 2-2 +43-2 14 3 24-3 7°4 
—contd. 10 33-7 6:2 
F 1-00 F 1-8 +48-4 34 3 20-1 SE, 
30 28") 7folv 
F 0-30 F 1:3 +53°5 17 3 13-4 15-7 
13 15-1 8-3 
HW F 0:8 +56:9 10 3 12-8 10-9 
8 16-5 10-3 
E 0:30 — +57°-4 13 3 4-5 20-0 
2) TT 13-0 
E 2-00 E 2:3 +45°5 26 3 16:7 10-2 
22 3-8 10:5 
E 3-30 13) ee +32°8 28 3 3:8 10-5 
24 31-9 oo 
E 4:30 Ee +20-6 74 3 3-1 16-4 
70 26:3 9-5 
5/9/35 23°5 E 4-20 — + 9:5 60 3 6-1 14-8 
56 11-2 10:3 
Float Drift E 5-35 E 1:4 — 4:2 42 3 2-9 19-0 
38 11-6 10-3 
E 6-05 By 1-0 — 7:6 21 3 2-4 16-0 
7 4-1 AE 
E 6-35 E 0-6 — 9:6 4] 3 2-2 24-4 
37 3:8 18-4 
F 5-30 E 0-4 —10-2 19 3 2:0 20°5 
15 eG, 18-9 
F 4-00 1gy aha — 3:6 1, 2 2-3 19-5 
10 3:4 26°4 
F 2:30 EF 2-3 + 8-2 30 3 6:5 10-7 
26 11-3 OB7 
F 1-00 F 2-4 +29-1 63 3 3°2 21-8 
59 14°5 10-7 
F 0-30 E16 +34-7 54 3 5:2 13-5 
50 11-5 10-4 
HW EF 1-0 +38°-5 45 3 3:6 18-1 
35 10-9 7:8 
E 0-15 EO, +39°5 46 3 3°9 17-9 
40 25°3 10-5 
E 1-45 15, ibs) +32:2 48 3 1-4 23-2 
44 10-4 8-2 
E 3:15 E 1-3 +15°8 52 3 2:6 22-6 | 
48 26-1 8-8 | 
6/9/35 22-4 E 6-30 —11:8 53 3 1-8 36-2 3 
49 5:2 16-3 
Float Drift LW E 0:2 —12-2 48 3 ed, 20-6 
44 2-9 25-8 
F 5:15 F 0-4 —11-6 44 3 1-5 43-3 
40 1-8 30-6 
F 4-45 PF 0:9 — 9:5 48 3 1-5 31-0 
44 3-1 21-0 
F 4-15 iD aley — 6:5 52 3 1b 29-2 
48 G1 14-7 
F 3:45 FE 1-8 — 2-0 55 3 1-4 25-0 
51 6-3 19-1 
F 2-30 F 3-4 +15:6 69 3 2°9 19-0 
65 3-3 18-2 
F 1-30 Bee Ze +28°8 63 3 3-8 14:5 
59 4°6 13-0 
F 1-00 Be | Ots) +34:°0 47 3 4-3 15+] 
43 5°5 16-4 
F 0-30 F 1-4 +38-4 45 3 3-0 20-0 
4] 5:3 13-2 
HW F 0:6 +40°:5 36 3 4-0 17:5 
32 5:2 14-4 
E 0-30 — +40°8 30 3 2-0 27°5 
26 2°6 19-2 
E 1-00 E 0:6 +39-2 36 3 4-9 15-3 
32 1-6 21-0 
E 1-30 E 1:3 +36-1 36 3 Mel 28°6 
32 7:0 11-4 
E 2-30 1D, NOS, +24-1 61 3 i-3 36-0 
57 5:9 11-8 





| 
| 


4 
14] 
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TABLE 84—continued 













































































Time from si ‘3 - of 
predicted Fl t 
; high water. ae Distance Checan 
Height of | EBB (E) | Joctream |fromRock| Total | pepth of | tration of | COmPOsition of 
Date. high water after al eee Light. depth of ae ie eaaneatat suspended 
ge previous Float + Above, | water. Pe a matter. 
ns high dest moving — Below. Oxygen consumed 
FLOOD (F)|  Gown- (Adeney) 
before next tical ie (gm. oxygen per 
high water. (thousands (parts per| 100 gm. dry 
(ft.). (knots). Opaite)s (EEas (ft): 100,000). weight). 
hrs.min. as Ee oad 
AZO | E 2-30 —- + 7:9 . . 
gph Nes 58 2-9 19-0 
i E 4-00 1 gloss} =) 656 46 3 2-1 26-2 
Float Drift 42 3.3 10-2 
B= 1S: Eee3 —15-8 48 3 1-4 32-1 
44 2-4 20:8 
E 5:45 1D, ise —19-2 50 3 2-1 Vet 
46 1-9 QSe7, 
E 6:45 E 0:2 —2]-7 43 3 eeu 28-6 
39 1-9 26-3 
F 5-50 1D) K0)OY4 SU's 4] 3 1-0 37-5 
36 2-3 26-1 
F 3-30 13 WoW Sieh) 38 3 itoal 33-3 
34 4-4 11-3 
F 2-00 age JES + 2:8 74 3 B15) 21-4 
70 5-0 11-0 
F 1-30 1) abe} + 7:6 69 3 1-7. 25-0 
65 3:7 14-8 
F 1-00 B37 +127 72 3 1:7 22-6 
60 Del 28:5 
F 0-30 le Io +16-2 51 3 0:7 54-0 
47 2-1 17-8 
HW ES ORG +18:2 68 3 yet 18-0 
64 dia 32-4 
E 0-15 F 0:4 +18-6 72 3 1-9 SEF 
68 1-7 17-6 
E 1-30 ELs9 Ae Qa 56 3 1:7 19-7 
52 6:6 9-9 
8/9/35 22-8 E 0:30 a + 9-8 76 3 2-4 15:6 
TS D8 19:5 
Float Drift E 2-00 Id hes = $)o3} 39 35 SADE 12-2 
E 3-15 — S19 52 3 1-7 18-2 
48 3-0 13-3 
E 4-45 Eee —19°5 45 3 1:3 18-0 
4l 3-4 10:4 
E 5:15 iB, [boy Ay, 45 3 1:5 19-0 
41 2-3 16-3 
E 5-45 1B, alos 2985 39 3 1-2 25-0 
35 1:9 17:6 
E6-15 Be 0 —32-7 58 3 0-9 30:6 
54 1:6 24-2 
LW E 0:5 Spo} 65 3 1-4 21-4 
61 1-1 34-0 
F 4-15 pa (ee —34°8 55 3 1:3 Wise 
51 1-4 25-0 
F 2-45 PROS9 —29-2 54 3 1-2 29-2 
50 2-2 15-9 
F 1-30 F 0:6 —— rio | 57 3 oo 29-2 
53 1-4 21-4 
F 1-00 Wh (0085) —20-7 58 3 1:3 23-0 
54 1-6 21-9 
F 0-30 — — 20-0 65 3 1:0 29-0 
61 0:8 31-2 
FO-15 — —19-8 59 3 0:8 33-3 
55 thos Die 
' 

9/9/35 24-8 F 0-30 12 iho +11-2 70 3 1:9 20-3 
j 66 2-5 13-0 
Float Drift E0:15 — +14:5 62 3 1:6 19-4 

58 2-0 19-2 

E 0:45 E 0:8 +13°5 60 5s 1:3 26-0 
56 1-8 18-1 

Bae t5 E 1-8 + 8:8 42 3 1-5 19-0 
38 1-5 22-4 

E 1-45 Be2e2 + 2-9 ou 3 1-5 21-6 
e “ 33 ei 15S 
E 3:15 wt 2:0 — 4-4 54 3 1-2 25-0 
\4 50 1:7 PAO 






































Date. 





10/9/35 
Float Drift 








13/9/35 
Float Drift 


27/9/35 
Float Drift 


11/11/35 
Formby 


Light 
Vessel 


o 16972 














TABLE 84—continued 


TABLES 
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Time from Le of my 
: oat. 
predicted 
Haight of high water, sera Distance Ponce 
Birth water) DD (E)| poetrean [ftott Rock! ‘Total: ay ay-ce | tention of | Composition, of 
a hoe after P Light. depth of i 1 Saenedniee suspended 
LBD. airline Gilat + Above, water. Sng gaa ee matter. 
igh water. ia — Below. 
FLOOD (F) moving Oxygen consumed 
before next Pein ( (densy) 
: m. oxygen per 
Von lca (thousands (parts per 100 oe te 
hie) (knots). of ft.). (ty (ft.). 100,000). weight). 
hrs.min. 
25° 1 F 2-00 — +11-3 87 3 3-1 14-5 
78 10-3 14-5 
F 1-30 F 3-0 +20°:5 84 3 5:4 6:5 
80 3-2 7°3 
F 1-00 EG +26:°3 81 3 3-7 13-5 
77 4-2 13-1 
F 0:30 Ee LG +31-7 58 3 72 6:3 
54 5:7 8-8 
HW FF 1-0 +35-0 54 3 2:8 18-2 
50 4-7 10-6 
E 1-30 id 0) +28:-2 63 3 1:3 26-0 
59 4-0 11-3 
E 3:00 ie) aay + 2-6 51 3 5:7 Eee 
47 10-0 4-0 
E 4-30 JB ea —22-1 40 3 6:8 9-6 
36 Zo 4-4 
E 5-30 Be Os9 =—31-9 ol 3 6-0 6:7 
47 17-9 6-7 
E 6-00 EH 0-9 —35-7 48 3 5-2 10 6 
44 28-2 Ae 
F 3:45 F 2:4 —38°5 12. 3 4-9 10-2 
68 4-6 9-8 
BF 3-15 ae se —40-2 62 3 1:8 20-0 
58 5:4 8:3 
F 2-45 F 2-4 —31-5 48 3 lis? 23-5 
44 22°6 3:3 
F 2:15 Eee —10:3 57 3 2:3 15-2 
53 8-4 5-4 
30-4 F 3:45 1 es +18-4 66 3 3:7 = 
62 61-7 — 
F 2-35 1a ba +44-2 27 3 32:7 = 
; 23 88-9 — 
F 1°05 Bi 22 +76-4 12, it 92-5 — 
10 180-6 — 
F 0:35 Ee ealie 4 +81-0 18 1 13-6 — 
16 73°8 — 
HW EF O°7 +832 22 3 6-7 = 
18 2126 — 
E 0:30 EF 0°5 +84:-9 20 3 4-8 — 
17 8-5 — 
E 1-00 Be 0e2 +85-1 17 3 3:4 — 
14 4-2 — 
Hee 15 E 2-8 +72:-0 13 1 101-3 — 
; : 11 103-9 — 
E 4-00 1,1 bbe, +39+2 Di 3 50:3 _ 
23 338-0 — 
E 5:30 iB oe) +20-2 43 3 10-9 _ 
39 53°3 = 
E 6:00 E 1-5 +16:9 54 3 4:6 — 
50 SHO, = 
E 6:30 13) 6G +12:4 48 3 3:8 _ 
44 11-5 — 
LW 1B Uo, + 8-9 DT 3 5:0 — 
23 4-2 — 
27°5 E 2-10 — —56:3 -- 0 O°9 27-0 
E 2°18 — —54:3 — 0 0:5 28-6 
E 2-27 — —50°3 — 0 1] 21-0 
E 2:36 — —45-2 — 0 1:3 18-0 
E 2-47 — —41-6 — 0 0-9 30°8 
E 2°54 — —38-6 — 0 1-2 16°5 
' E309 — —32:6 — 0 1-2 14:5 
E 3-15 — —=30°7 — 0 ores 15-2 
E 3:21 — —28-9 —- 0 1-4 14-0 
29-9 LW — —45-4 42 0 10-1 6-9 
21 10:6 6-1 
40 10-9 5:5 
F 5-00 — - 43 0 10-3 5:3 
21 10-6 aed 
40 12-9 5:4 
F 4-45 — FF 45 0 ONE: 5:7 
21 10-1 5:5 
40 12:3 om, 






































bd 
oo 
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TABLE 84—continued 





Date. 


high water. 
FLOOD (F) 
before next 
high water. 


Time from 
predicted 
high water. 
EBB (E) 
after 
previous 


Speed of 


float. 
Float 
moving 


upstream 
F 


Float 


moving 


down- 


stream E. 


(knots). 





11/11/35 
—contd. 




















hrs.min. 
F 4-30 


F 4-15 





F 3-45 


F 3-30 


F 1-45 


F 1-15 


F 0-45 


F 0:30 


F 0-15 


HW 














Distance 
from Rock 
Light. 
+ Above. 
— Below. 


(thousands 
OLeLt ee 


—45-4 





Total 


depth of 


water. 


(ft.). 


46 


48 


50 


54 


58 


63 


64 


66 


68 


69 


69 


69 


69 


70 


70 


70 


72 


72 








Depth of 
sample. 


(t.). 








Concen- 
tration of 
suspended 

matter. 


(parts per 
100,000). 


— 


— 
AOIRALRROWD 


_ 
AQnoorv 


onNgmp 


Composition of 


suspended 
matter. 


Oxygen consumed 


(Adeney) 


(gm. oxygen per 


100 gm. dry 
weight). 


| 


| 





TABLE 84—continued 





Date. 





Height of 
high water 
above 
EBD. 


(ft.). 


Time from 
predicted 
high water. 
EBB (E) 
after 
previous 
high water. 
FLOOD (F) 
before next 
high water. 


Speed of 
float. 
Float 

moving 
upstream 


Float 
moving 
down- 
stream E, 


(knots). 


TABLES 


Distance 
from Rock 
Light. 
+ Above, 
— Below. 


(thousands 
Olut.). 





Total 
depth of 
water. 


(ft.). 


Depth of 
sample. 


(ft.). 
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Concen- 
tration of 
suspended 

matter. 


(parts per 
100,000). 








11/11/35 


Bar Light 
Vessel. 





29-2 














hrs.min. 
E 6:15 


E 6-30 


LW 


F 5:15 
F 5-00 
F 4-45 


F 4:30 


F 4-15 


F 4-00 


F 3-45 


F 3:30 


F 3-15 
F 3-00 
F 2:45 
F 2-30 
F 2-15 
F 2-00 
F 1-45 
F 1-30 
F 1-15 


F 1-00 








—71-8 























48 


47 


47 
46 


47 


48 


49 


49 


51 


53 


60 


62 


64 


65 


67 


66 


68 


69 


72 


72 














24 
45 


45 


21 
43 


21 
43 


21 
43 


DAM 
46 


2d 
43 
46 


21 
43 
48 


21 


21 
43 
54 


21 
43 
57 


21 
59 
| 
43 
61 
| 
43 
62 
ail 
43 
64 
21 
43 
63 
21 
65 
21 
43 
66 
21 
43 
69 
PA | 


69 


NWN e 
mm 100 Ul 


—_ 





KH WONHOWHHOWNNHEHWNHEONNHOH 
KH RORMODRODRHEHODRROHRHEHAROO © 





ONNYKWNNNNNNNWNNENNENWONNNEAONUAAANARRNWWOENNNOH 
COD MHD ODORUBDNABDNODRONHDHDUOCHAUBDERENDHUNORHWHNNOWOH 








Composition of 
suspended 
matter. 


Oxygen consumed 
(Adeney) 
(gm. oxygen per 
100 gm. dry 
weight). 


—_ 


— 


—_ 


HD RUDRAN AORN NDOUATRUDN HHA SHORDAAHDRONENUVAT ATL BRON OHAHAOSSCHHIUIAAEUIBIBDNAY = YAWS 
DA RUD AAHHUDdDOUH ORO DODUDOCRHEHUNODHONOCOHRUNDMARH BAWWENARUYSCHOHEBRUWSCOHHHOONO SF SOOSS 


vA 
ree 
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TABLE 84—continued 
Time from oe of 
predicted Tinat ae: 
: high water. : istance 
Height of EBB (E) moving | from Rock Total Concen- Composition of 
high water upstream = Depth of | tration of 
Date. § after F Light. depth of Sane ere nich suspended 
ee previous ae i + Above, water. py oe - matter. 
aaa FLOOD (E) moving ies. Oxygen consumed 
before - down- (ageney: 
high water,| Team E. Cp ooo 
8 (thousands (parts per 100 gm. dry 
(ft.) (knots). of ft.) (ft) (ft.). 100,000). weight). 
hrs. min. 
11/11/35 29-2 F 0:45 — —71-8 72 0 2+] 4-8 
—contd. I" 21 1-9 0 
43 ikoy/ 5-9 
69 1-5 3-3 
F 0-30 — - 72 0 1-1 0 
21 1-9 0 
43 1:9 2-6 
69 1:8 5-6 
F0-15 — ne FA 0 1:9 2-6 
2) 0:8 6:8 
43 1:6 3-1 
68 1:8 2:8 
15/11/35 26-6 F 2-40 — +35-9 29 l res — 
2. bea, 
Float Drift 12, 46-6 — 
24 21-8 — 
F 2-20 F 1-9 +39-8 Ti 0 23-2 — 
6 35-7 — 
12 40-2 — 
24 75:7 — 
F 2-05 ig 25 +42-8 31 0 10:9 — 
6 15:7 —_— 
12 17-0 — 
24 16-3 — 
F1-55 ieee: +44-6 18 0 23-8 — 
6 27-9 — 
12 35-1 — 
F 1-40 1 Se Oo) +46-8 34 0 il}osy — 
6 21-8 —_ 
12 31-7 — 
| 24 37°5 — 
a2 i Hoy +48-9 42 0 11-8 — 
6 16-2 — 
12 14-2 — 
24 20°6 _— 
F 1-10 == +53-3 30 0 15-8 -- 
6 20:7 — 
12 19°8 — 
24 25-8 — 
F 0-55 1 Blby/ +53-8 19 0 18-1 — 
6 23°8 — 
2 26-1 — 
F 0:40 F 1-6 +54-4 28 0 11-2 — 
6 34°+1 — 
12 49-2 — 
24 47-9 — 
F 0-25 137 alse! +55°-8 33 0 10-4 — 
12 11-8 — 
18 15-2 — 
24 28-2 — 
F 0-10 im ikon -+57°3 28 0 10:9 —= 
12 10-2 — 
18 1297 a 
| 24 26-3 — 
E 0-05 F 0-8 +59-1 27 0 13-5 s 
1, 17-2 — 
18 23-3 — 
| 24 PING. — 
E 0-15 1 il +60: 1 29 0 5:7 — 
19 14-0 es 
18 18-0 — 
24 26-5 — 
E 0-25 Bh) +60:9 2G | 12; 10-6 —— 
18 17-3 — 
24 19-3 =— 
E 0-35 Be Ong, +61-2 26 18 14-7 — 
24 78-4 — 











Height of 
fate high water 
above 
LBD, 
(ft.). 
28/2/36 PAG [ OW: 
Float Drift 











Time from 
predicted 
high water. 
EBB (E) 
after 
previous 
high water. 
FLOOD (F) 
before next 
high water. 


hrs.min. 
F 5-20 


F 4-10 
F 3-10 
F 2-10 
F 1-10 
F 0-40 
F 0-10 
E 0-20 


E 0-50 








TABLES 


TABLE 84—continued 

















Speed of 
float. 
Float F 
: Distance 
fiat from Rock Total Fant Gf 
P Light. depth of 4 
18 : sample. 
+ Above, water. 
Float — Below 
moving ‘ 
down- 
stream E. 
(thousands 
(knots). OL tte): ({t.). (ft.) 
— +17:8 59 0 
10 
20 
By Os? +18:5 _ 0 
10 
20 
Se 2, +24-3 — 0 
10 
20 
Jai” ACES +39-1 — 0 
10 
20 
106 Vnb: +53-8 —- 0 
10 
20 
1) a hoy/ +59-3 oo 0 
10 
20 
Be e'7, +66:4 — 0 
10 
20 
Jey gloss; +69:-9 -- 0 
10 
20 
— +72:0 — 0 
10 
20 




















Concen- 
tration of 
suspended 

matter. 


(parts per 
100,000). 


311 


Composition of 
suspended 
matter. 


Oxygen consumed 
(Adeney) 
(gm. oxygen per 
100 gm. dry 
weight). 





aan qQuwoenun 


DNINVOHUADOOCHRHOANBDOSCUNDHNYOAR ADH 


ba AS al a ta sie al ete Fees 








TABLE 98—Organic Carbon Content of Suspended Matter from the Mersey Estuary 


Concen- 











tration of ee eo 
Sample | suspended | ,“* te 
No. matter. oe 
(parts per Ly ay 
100,000). | Wesht) 
pM 2 O-7 4-40 
3 0:8 5-00 
4 1-7 4-43 
5 22-1 3°72 
6 4-4 2-00 
7 13-2 3-40 
8 17:1 3-04 
9 17-9 3-50 
10 6-1 3-86 
11 11-6 2-63 
12 3°2 4-93 
13 3°3 3:29 
14 14-2 2-56 
88 13-8 3:65 
89 28-8 3°43 
92 27-0 3°37 
170 11-6 4-20 
171 11-1 4-15 
172 17-5 4-20 





Concen- 














tration of paces 
suspended | (per cent 
(parts per tee 
100,000). | Wesht) 
To 4-45 
4+3 6-45 
5-0 6-20 
4-2 6-40 
5-3 6-05 
4-2 6-45 
9-6 4-45 
11-0 4-30 
72 4-55 
16-7 4-15 
16-0 4-05 
11-5 4-45 
4-2 6-20 
15-3 4-15 
9-8 4-65 
3-6 7-50 
4-8 6-20 
21-3 3-90 
5+5 6-00 

















Concen- et 

tration of a8 “are 

Sample | suspended | ,“2770”- 

No. matter. Pe 
(parts per ee 

100,000). | WeIsht). 
SM 192 2-6 9-85 
193 3-2 8-75 
194 3-1 9-90 
195 3°4 7-70 
196 2°1 10-75 
197 3:3 9-25 
198 4-3 7:60 
199 2-9 9-25 
200 8:5 5-20 
201 8-2 4-95 
202 3:0 4-45 
203 15:3 4-25 
204 9-3 4-60 
205 10:5 4-35 
206 29-4 3-75 
207 3-2 14-60 
208 9-2 4-45 
209 16-3 4-00 







































































Per- 
centage 
of 
sample 
eroded 
in 10 
mins. 


17-3 
12-1 
0 


11- 
a 
0 


00 


34: 
23: 
Phe 


23° 
He 
9. 


50: 
33: 
8: 


- OO 0 Mb lop ecole 2) 


66- 
49- 
Li 


98 - 
42- 
12: 
vie 


40- 
15- 
9: 
ia 


NON OD ae SID = & © 


100 
92: 
35: 
21- 

9. 


NOOO 


38 - 
23° 
16- 
St 


80: 
58: 
33- 
it: 


moon NA DD 


41- 
22° 
15- 
14- 
7: 


—Oon ne 


52: 
27: 
16- 
11: 

We 


10- 
Ts 
G: 


—-— © NON 


10- 
6- 
5. 


19- 
10- 


9 
1 
4 
19-6 
3 
Z 
16-1 











Mois- 
ture 


(per 
cent.). 





Percentage of dry 


weight. 





Silica. 


Organic} Loss on 
carbon. |ignition. 





47- 
42: 
33: 


48- 
44- 
35° 


53° 
49- 
40- 


53: 
48- 
41: 


46: 
41- 
32: 


66- 
62- 
53: 


54: 
Si 
40- 
38 - 


39- 
34- 
aie 
26° 


50- 
44- 
40- 
oie 
31- 


64- 
62: 
58: 
56: 


68: 
66- 
62: 
53: 


50 
46 


43- 
41- 
38- 


54: 
49- 
47- 
45: 


~ 
b> 


MIO CHO COU AHoOGne 


43- 
40- 
39- 


38 - 
34- 
33- 


60- 
57° 
56° 
55° 
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TABLE 99—Erodibility of Mersey Muds 
Per- Percentage of dry 
centage! Mois- weight. 
of ture 
Sample No. | sample (per Sample No. 
eroded cent,). nae Organic) Loss on 
Se 10 silica. carbon. jignition. 
mins. 
S 193 13-2] 50°21) 54-6 | 3-41 14-0 1S 359 
194 6:4] 45:5 56-2 | 3-45 12-7 
195 35-7 45-1 61-5 | 2-57 11-2 
196 78°6 | 60:0) 55:1 3°13 13-7 
ao7 10:0; 41-1 60°67 2°97 11-0 360 
198 FeAl 3°91 Sa72)). ol 14-6 
Loo 15-0 | 53-4 53-2 | 3-70 14-6 
200 22:5 |) AG*9 V) O9=9 2-31 11-8 
201 pgs 39° 2:1 (68260) ean 10 ae 361 
202 26:8 | -46-2 | 60-2 | 2°59 11-3 
203 14:3 | 50-4] 59-9 | 2:77 12-0 
204 51 55:3] S2°3 | 3°87 14-7 
205 17*8 {33°77 73°2 1-34 6-7 362 
206 18°64 7 58-6"), 91587)" 3"55 15°1 
207 24:6 | 56:9] 53-6 | 3-60 13-6 
208 DS: 971 Sask 54°5 | 3-14 12-7 
209 16-1 o0"0.) 59S 2°73 11:7 363 
210 33-9 | 62-8 50°7 3°67 15-6 
211 18-2.) <S7:9 | 51-97) @3-50 15-1 
242, 10°4.| 41-5 52°5 2-06 1057 
213 71°65) “6225 51-6 | 3-43 14-8 364 
217 1832 | 320) 59-0 se 00 11-5 
218 26-4 | 41-7 62-8 271) 8°8 
219 171 39-8 | 68-4 Were 8:5 
220 16-1 50°6 | 55:9 | 3-27 12-3 365 
221 16°] 55-4 | 55-6 | 3:72 13-6 
222 16-1 56:2} 55°64) 3-06 13-0 
223 25°7 | 35:8 | 74:2 1-46 G7 
224 Soe) 2o0-t fom en WE UCR. 8 4-9 
225 92-8 | 38-7 76-0 1-44 6°3 366 
226 100 21704 87° 1 0-04 2°9 
227 33:2 | 40-3} 69:3 1-83 8-9 
228 OOO 1) OSt Owl F209 1-60 9-4 
229 62-5 | ©38°3°)  71+7 1-56 9-0 
230 6275) ol-2oise7 5-0 1-16 72 367 
231 98:9 | 35:3 | 68:5 Np Tai 
232 33°9) | 28-1 S029) O77 4-9 
233 100 213!) So 09" 10215 3°5 
234 100 21-3 | *38"2 ) 10203 2-6 
235 6-1 44-3 | 55-1 — = 
236 79) . Zo" |) F9*S je eoe. 5-1 368 
237 5°7 | 45:2] 56-5 2:16 13-0 
355 ce LO 72°8 | 48:5 By 16-4 
This and all 9222 71:3 
subsequent 93-8 69-7 369 
samples 58-4 66-6 
dried for |] 38-8 65-3 
various 24-7 61-3 
periods in 0 40°3 
laboratory 370 
at air tem- 
perature, 
356 100 70:1 S0+ 1 — 16°3 
94°5 | 69-4 
62-0 | 67-7 
32:9 | 64-4 ah 
30:0 | 62-7 
19-3 | 58-7 
0 45-4 
357 33-1 37°89) F2-2 — 7°35 
25:0 | 34-8 Pe 
17-0 | 31-4 
6-5 | 27-0 
7+3.| 25-8 
3°6 18-5 ate 
358 40-2 | 44-3 | 65-6 — eit) 
33-2 | 42-5 374 
20-9 | 40-3 
8-6 | 35:6 
7-0 | 34-8 
1-41 27-6 
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64-8 
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58°7 


67-7 


64-8 
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69-8 


72°8 


999 


59°8 


54-3 


62-3 


65-9 


50°7 


2-64 14-9 


16-1 


16-1 


10-9 


2°75 13-6 


11-3 


2:81 


2-00 8-9 


3°55 15-4 


TABLE 100—Erodibility of Muds from the Estuaries of Rivers in Suffolk and Essex and 
of the Wye and Severn, Monmouthshire 


TABLES 


Samples Dried for Different Periods by Exposure at Room Temperature 





Sample No. 


Deben 1 
Deben 2 
Deben 3 
Deben 4 
Deben 5 
Deben 6 
Deben 7 
Deben 8 
Stour 1 
Stour 2 
Stour 3 
Stour 4 
Black- 
water 1 
Hamford 1 
































eS. Percentage of dry P a ee) ‘ 
ae Mois- weight. oe 8 Mois- 
sample| ture Sample No. |sample| ‘6 
eroded (per eroded (per 
in 10 cent.). Sili Organic|Loss on in 10 cent.). 
min. uica. | carbon. |ignition. min. 
33-9 69 6 50-0 4-29 19-1 | Hamford 2 58-2 72-4 
16:8 65-7 30-7 P25 
15:7 63°3 44-7 70:7 
11-8 61:1 24-3 69°5 
25-0 61-9 54-9 3-79 15-6 | Hamford 3 29-0 66:7 
Pep yrgs 58:0 34-3 66-4 
15-0 55-9 30-4 65-2 
10-7 54-3 18:6 63-0 
Daw 62-4 ene il 5-10 18-4 | Hamford 4 34:6 65:6 
20-4 57-9 33-2 65-0 
11-1 BS) Vf 24-3 64-0 
10-0 §2°5 18-9 61-9 
15-3 58-2 52-4 2-00 12-7 | Roach 1 25-4 42-4 
11-8 54-5 19-3 41-0 
15-0 52-8 12-9 36-0 
5:4 50-6 6-1 34°] 
23-2 60:4 53-4 2-30 12-4 | Roach 2 18-2 35-9 
16:4 55:1 18-9 33°8 
17:9 |. 55-0 7-9 28-9 
10:0 52-2 0 25°7 
22-8 61:1 53-2 PAD ILS 13-4 | Colne 1 57-8 57-2 
16-1 58-0 35:0 57:5 
13-6 55-4 21-4 54°5 
5-4 52-6 18-2 52-5 
25-0 55:6 56-0 1-69 12-0 | Colne 2. 22°8 54-0 
19-0 52-4 PAT | O72 
18-9 49-6 16-1 54-0 
9-3 46-7 17:9 52} 
“18-6 57°5 50-6 2°21 13-3 | Colne 3 26-4 52-5 
10-0 54-3 20-4 51-5 
4:3 51-8 12:5 Ais, 
6-8 45-0 
29-6 71-7 54-4 4-37 16:0 
16:1 69-5 Colne 4 20-0 51-0 
14-7 68-0 18-9 50-6 
11-4 66:8 11-8 46-2 
9-3 44-2 
46-4 7To°1 49-7 5:37 Wied 
AVA 73:1 Orwell 1 26-8 21-3 
23-6 72:1 5 Ps Dee, 
20:7 71:5 29-0 20°8 
39-3 56-6 WET 1:98 8-2 | Orwell 2, 60:4 59-0 
18:6 53-0 34-0 58°8 
11:4 51-1 16-4 55-0 
8-2 50-2 13-9 53-1 
32-9 Fives | 53-7 3-98 14-2 | Orwell 3 23-6 44-5 
17-2 68-0 -19°7 44-2 
11-1 68-1 10:7 40-4 
19-3 65:0 9°3 36:7 
20-0 48-9 75°3 1:95 7-2] Mersea 1 16-4 43-4 
29-9 45:4 15-4 42-1 
12-1 43-4 14:3 38-7 
5.7 39-1 5-4 33-2 
88-3 71:0 Siler, 1-79 13-8 
58-5 70°8 Mersea 2 14:7 50:1 
52-1 69-4 125 48-4 
25-7 68-0 6:4 45-4 
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. Percentage of dry 








weight. 
Silica. (Carbon lignition, 
J 
48-5 3°45 14-8 
57:3 3°01 13-2 
56-9 2274 13-2 
68-7 1-07 8-9 
72:3 0-73 <3 
63-5 1-80 10-2 
59-8 1-91 1h-7 
64-9 1-42 9-1 
64-1 1-44 9-3 
92-0} 0-29 2:3 
62-9 2-10 11-2 
Phe Py 1-54 6-8 
72°3 1-14 6°8 
64-1 1-40 9-4 



















































































314 ESTUARY OF THE RIVER MERSEY 
TABLE 100—continued 
Per- Percentage of dr ods Percentage of dry 
pret Mois- Peighe ’ ante Mois- weight. 
Sample No. | sample Se Sample No. | sample ee 
eroded (per eroded Gent 
in 10 cent.). a Organic} Loss on in 10 Pls Silj Organic} Loss on 
min. silica. | carbon. ignition. min. mica. | carbon. ignition. 
Mersea 3 1124) 236:4>) 76717), :0-00 5:4] Crouch 6 14-3 | 40-8 | 66:3] 0-91 9-4 
7-9 | 34-0 10-0 | ~37*5 
10:0 | 30-6 3°6 | 33-8 
3-6 | 27-4 
Severn 2 26-1 51-1 50:8.) 4°14 16-5 
Mersea 4 11%.) “39-0-). 273-3 0280 6:5 21:4 | 51-1 
7°9 | 35:2 25:0 | 48-5 
4-6 | 33-5 14:3 | 46-8 
8:9 | 45°6 
Mersea 5 4*3 | 438°0'| “67-0)) 71°28 7°8 722 | “4220 
3-6 | 40:5 
0 39°8 Severn 4 33:9 | 48-4 | 52-2] 95528) s1o-e 
25:7 | 45-5 
Mersea 6 25:05) SGl777) <3673 1:66 | 12+] 25-0 | 43-8 
15-77 |) oo*4 22-5 | 43-6 
11-4 | 57-3 10-7 | 41-1 
10:0 | 54-4 
Wye 2 22°5 | 47-3 | 53-1) 4°03 15-0 
Mersea 7 34-37) *60°5") 60*3 1:62} 10:5 18-6 | 47-3 
23:9 | 58-0 13-6 | 45-5 
16:4 | 55:8 9:3 | 43-3 
10:0 | 53-0 9-3 | 42-6 
7:9 | 39°38 
Mersea 8 16-4 | 63-5 | 51-3 | 2°16 13°5 
14-3 | 61°5 Wye 3 56-4 | 50-8 | 53-1 | 4-67 15-7 
4-6 | 59-2 37°1 | See 
28:6 | 47-8 
Crouch 1 25-4 | 47-2) 64-9 | 1-27 9:2 34:6 | 45-6 
14:3 | 44-2 23:6 | 44-0 
9-3 | 42-1 1291 | 40% 
6:4 | 39:6 
Wye 4 62-9 | 46-5.| 55:1) (4-70 0e8 iae5 
Crouchi eZ 2259) 241°9 1 170-25) 008 79 38:6 | 46-5 
13-2 | 39-3 59-0 | 46-5 
10:0 | 37-7 34-6 | 44:3 
8:2 | 37-0 34:6 | 44-3 
30:7 | 42-7 
Crouch 3 10:7 | (5898 | “S5e6 } (2-829) 1222 25°71 “Ales 
8-6 | 55:8 19-7 | 38-4 
3-2 54-1 9°0 34°6 
Crouch 4 11-4 | 60-1] 56-0} 2-46]; 10-8 | Wye 6 26-8 | 42:7 | 57-1 7 3o"o4 14°5 
10-7 | 57-3 26:8 | 42:7 
6:4 | 54-7 22-1} 40-6 
4:3 | 53-8 17-1. |" 38°93 
14°3.| 37-7 
Crouch) 5 13-9 | 47-1] 58-6} 1-10 10-9 12°11}. 35-0 
5:4 | 44-6 1*8)) vole 
0 42-2 
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TABLE 102—kate of Drying of Mersey Mud, previously settled from Saline Water 
with and without Addition of Unsettled Sewage 









































Experi- vere ig Moisture (per cent.). 
ea Snipes sewage | Method of | (<7 Sh Period of 
Nie! added | drying. of dry ‘| drying. 
ae : weight). A | B C | Mean 
i Mersey mud S 462 in 0 Soxhlet 3:9 0 81 81 81 81 
(A, B, C) Estuary water SM thimbles. 1d hrs 50 52 a2 51 
158. Concn. 30 parts ee 48 50 49 49 
per 100,000. Stirred Gees; 45 47 46 46 
3 days. 234 ,, 30 32 32 31 
30. os 25 26 25 
48 ,, Te 13 14 13 
O44, 8 10 11 10 
FA es 3 4 4 4 
PS ee, Z 1 2 Dt 
Z As experiment 1 1 Soxhlet 4-2 0 — 81 81 81 
(B, C) thimbles. 1ghrs. | — 52 50 51 
O fs — 50 48 49 
Ob ss — 47 45 46 
234 ,, = Bi 31 32 
302"; — 25 24 25 
48 _s,, — 13 12 13 
SA ere — 10 9 10 
7) Reve — 3 3 3 
FSe ye — 1 pe wy 
3 As experiment 1 5 Soxhlet 4-9 0 81 81 81 81 
(A, B, C) thimbles. lghrs.| 48 48 48 48 
Tere 46 46 46 46 
Gans, 43 43 43 43 
23505 29 28 29 29 
SU ee, a) De 23 23 
48> ., 11 12 11 11 
i 7 7 6 7 
Lanes, 1 1 1 1 
TEs 0 0 0 0 
6 Mersey mud S$ 462. 0 In —— 0 62 62 62 62 
(25.5, C) 1 kg. wet mud in crucibles. 7 hrs 59 59 59 59 
60 litres sea water. Ue 55 56 55 55 
30 litres mud a 54 53 53 53 
suspension with 432 ss: 50 50 50 50 
(6) 30 litres tap water SG. 4] 41 39 40 
(7) 30 litres sewage. 144 ,, 36 35 32 34 
Settled 2 days. io 27 Ae) 23 25 
Sludge filtered on 2A Oe 17 19 15 17 
Buchner funnel 
and transferred to 
crucibles. 
7 As experiment 6 Added In — 0 65 63 64 64 
(A, B, C) crucibles. 7 hrs 61 61 61 61 
DAS. 58 57 57 57 
See, 56 55 55 55 
48, 52 St 51 51 
06, <5 42 41 4] 41 
144 es, 33 35 34 34 
LO 2 ae 25 25 25 25 
240, 15 16 16 16 
8 2 kg. Mersey mud 0 ine Petr 4-]J a8, 73 73 73 73 
(A, B, C) | S462in 80 litres sea dishes. 1 day 67 68 68 68 
water. 40 litres of 2days| 61 62 61 61 
suspension mixed Saat: 55 56 55 55 
with AS A, 48 49 48 48 
(8) 40 litres tap water Sees 40 42 40 4l 
(9) 40 litres sewage. on 32 33 32 32 
Settled overnight. OME. 25 25 24 24 
Sludge stood a further 
3 days in a beaker, 
and water then re- 
moved. Transferred 
to Petri dishes. 
o 16972 a4 






























































































































































320 ESTUARY OF THE RIVER MERSEY 
TABLE 102—continued 
Un- : 
: settled Sica Moisture (per cent.). 
Experl- sewage | Method of fooveeee Period of 
Boe Soe added | drying. |" Gry | drying. 
on ee weight). A B C | Mean 
cent.). 
9 As experiment 8 Added | In Petri 6°8 0 73 73 73 73 
(A, B, C) dishes. 1 day 68 67 68 68 
ae 2days| 61 62 61 61 
ey 54 56 54 55 
Boe ays 47 49 47 48 
ea 40 40 39 40 
ae 32 33 31 32 
as 23 24 23 23 
Morsture lost (per cent. of 
original wet weight). 
4 Mersey mud S 462 0 Soxhlet 3°9 0 0 0 0 0 
(A, B, C) | in sea water, not thimbles. 13 hrs 28 26 26 27 
stirred. 10litresmud 3 ae 32 30 30 31 
suspension added to Cas 35 33 33 34 
(4)10 litres tap water. 4 52 51 50 5] 
(5) 10. “tres sun: 307 59 57 56 57 
settled sewage. Mix- 43 7 72 71 70 71 
ture settled 3 hrs. 
Water poured off. 
Sludge stood over- 
night, water poured 
off and mud put into 
Soxhlet thimbles. 
5 As experiment 4 Added | Soxhlet 5:0 0 0 0 0 0 
(A, B, C) thimbles. 1dhrs.| 27 26 24 26 
oS get 31 30 28 30 
Sy 35 34 32 34 
“4 ;, | 52 | Si | 50 Jess 
30 aasy 58 57 56 57 
48. ,, 72 72 71 72 
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TABLE 103—Evodibility of Mersey and Other Muds allowed to settle from Suspension 
in Water of Salinity 25 gm. per 1,000 gm. with and without Addition of Sewage 


Concentration of Mud 30 Parts per 100,000 unless otherwise stated 



































































































































Concentra- Rane ne | 
Experi- tion of | Time after ue oe Speed Time of 
Mud : stirring : tas! 
ment j unsettled | making up 28 wh (revs. per stirring Remarks. 
No. Se Bs sewage |suspension,| ‘P° min.). (min. sec.) 
(per cent.). ne.) 
1g Mersey 0 19 hrs. 3 24-0 5 00 Not eroded. 

S 530 4 26:6 ANOS All oA 
4 26-6 Sel) Not re 
5 cU-8 1 45 All Be 
4 £6°6 1 40 Ep 
4 | 26:6 4 55 A - 
4 26°6 5 00 Not ats 
} 60:8 O10 All - 
4 26:6 5 00 ' - 
5-0 19 brs, 4 26°6 0 30 ” ” 
4 26:6 QO 40 a = 
4 26 , 6 1 05 ” » 
4 26 * 6 0 35 ” ” 
4 26 ¢ 6 yy) 30 ” 39 
4 26 é 6 0 29 ” ” 
E. 3 Mersey 0 20 hrs. a 26-6 5 00 Not a 
S 530 5 30°8 0 36 All w 
4 26:6 2 00 Not A 
5 30 M 8 5 00 ” ”? 
6 33-3 5 00 a Fi: 
7 37°5 QO 14 All of 
+ 26°6 5 00 Not a 
5 30°8 5 00 ” 
6 33°3 OSD All ee 
4 26°6 S00) Not 3 
5 30 3 8 5 00 ” ” 
6 33-3 0 40 All . 
4 26:6 1 40 a bs 
4 26:6 sy 0 Not Me 
5 30-8 Ms ANG All Se 
eee ee ars 4 26-6 02 33 Ee ee 
4 26 = 6 (0) 45 ” ”? 
oy. 26-6 5 00 | Not _,, 
5 30°8 0 939 All A 
4 26:6 5 00 Not Ba 
5 30 ‘ 8 5 00 ”? ” 
6 33°3 Ome20) All We 
; 4 26-6 5 00 Note a4; 
5 30 . 8 5 00 ” ” 
6 33°3 5) 800 _ xf 
7 37°5 By (00 ¥ HP 
8 39 : 4 5 00 ” ” 

+ 26°6 1 50 All 
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TABLE 103—continued 
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Concentra- : 
Experi- tion of Time after 
ert Mud unsettled | making up 
No. sample, sewage suspension. 
(per cent.). 
E, 4 Mersey 0 20 hrs. 
S 530 
0:25 20 hrs. 
1-0 20 hrs. 
5-0 20 hrs. 
eee ee Mersey 0 4 days 
S 530 














Speed of 

stirring 
(Speed 
No.). 


oe Oe 





Speed 
(revs. per 
min.). 




















NOD Oe COND OND o- om 


Hes CONDO 


x 














Time of 
stirring 
(min. sec.) 


Remarks. 


00 Not eroded 
06 All 


ee Oo 


2? 


00 Not 
32 All 


oa 


00 Not 
oF All 


00 Not 
00 

00 

00 i 
40 All 


Konan ou 


00 Not is 
00 
00 
00 
00 


00 Not x 

00 

00 a 

42 | 


00 Nota 
00 
00 
00 
00 


oO anaaa»an onrnun anna 


25 All 





ice 
NI 
G GC aD lop) Oo me OG CO D aaecag 4 G1 G CO D He G1 G) CO eo omey) oOmn co oep) 





On > Do 


a 








Rien | SSE PSS EES ES 


—_ 
COMmND 


bd 
(op) 
nora oo aD aD aD (op) Q op) QD D lop) aD lop) [ep) @ D 








25 


_— 


00 Not es 
00 


1 es 





00 Not . 
18 All 


18 
22 
25 
28 





20 
23 
26 
21 
19 
25 
22 
18 


00 Not Pe 
51 All ze 


00 Not a 

00 uh : 
00 ne 
00 x 
00 ~ a 





aannan Noa f=) o © i=) S i) f=) o So So [i t=) on ounn 





TABLES 323 


TABLE 103—continued 
























































































































































Concentra- ees 
Experi- Mud tion of Time after Mts 2 Speed Time of 
ment a unsettled | making up S ae (revs. per stirring Remarks. 
No. sample. sewage suspension, — min.). (min. sec.) 
(per cent.). -). 
E. 5—conid.| Mersey 0 4 days 6 33-3 0 29 All eroded 
S 530 i 
6 33:3 5 00 Neti” > 
7 37-5 5 00 _ Bs 
8 39-4 2 41 All * 
6 33°3 5 00 Not u 
Z 37 . 5 5 00 ” ” 
8 39-4 5 00 a 
9 41-0 2 48 All - 
6 33°3 5 00 Not ; 
f 37 : 5 5 00 ” ” 
8 39-4 5 00 - n 
9 41-0 5 00 ei, mame 
10 44-5 1 06 All s 
5-0 4 days 6 Soro 5 300 Not x 
7 37 . 5 ) 00 ” » 
‘8 39-4 5 00 e 
9 41-0 5 00 . sd 
10 44-5 5 00 ; a 
6 33°3 5 00 _ ; 
7 37°5 5 00 2 _ 
8 39-4 SHO “lh eee 
9 41-0 Pemee All a 
6 33-3 5 00 Not = 
7 37°5 52/00 . = 
8 39-5 5 00 : i 
2g 41-0 5 00 , x, 
10 44°5 5 00 7) a 
6 33°3 5 00 ; : 
I 3/70 5 00 bi - 
8 300 a U0 P i, 
S 41-0 QO 44 All a 
6 Bo7o 200 Not Fe 
7 37°5 Oar tS All - 
6 33°3 5 80 Not ¥ 
Z 37:5 5 00 Py ee 
8 39-5 0 28 All a 
BS Mersey 0 22% hrs. 6 33°3 0 48 % " 
5 527 
Rat erscy, Q 224 hrs. 5 30°8 OF 45 - = 
S 524 : 
Mersey 0 22% hrs. 4 26°6 Vy. ays! 4: Pe 
5S 528 
Mersey Ee 0 224 hrs. 3 24-0 4 <i Vs is 
S525 | 
Pitcteey 0 224 hrs. 3 24 +0 0 28 r . 
S 529 ‘i. 3 
223 hrs. 2 20-0 5 00 Not x 
$526. ° a 3 24-0 Sho MP Alan 
224 hrs. 2 20-0 5008 i Not 9 3 
Stour 11 0 y OTs 5 ve ie : ; 
4 26-6 5 00 ” ” 
5 30°8 0 42 All _ 
22 hrs. o 2a De ea 00 Not a 
Crouch 12 0 5 i Bone | er . . 
5 30°8 1 355 All Fe 
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TABLE 103—continued 
Concentra- : 
Experi- tion of Time after tae Speed Time of 
ae Mud unsettled | making up epee e (revs. per stirring Remarks. 
No sample. sewage suspension. Aa ) min.). (min. sec.) 
(per cent.). sid 
=, 6—contd.| Blackwater 6 0 Zoe ts. 3 24-0 5 00 Not eroded 
E. 6—contd ackwa be 5 00 : : 
5 30°8 2 30 All * 
Blackwater 7 0 22% hrs 3 24-0 5 00 Not 
4 26-6 5 00 fe Ae 
5 30°8 0 34 All ns 
Hamford 11 0 224% hrs 3 24-0 5 00 Not 6 
4 26°6 1 092) | Al a 
Roach 3 0 224 hrs 3 24-0 5 00 Not. 
1 26-6 5 00 ¥ a 
5 30°8 2 02 All 3 
Loe 7 Mersey 0 3 days 6 33°3 1 35 Me 
S 530 
5 30 y 8 Se 10 ” ” 
4 26°6 5 00 Not ee 
5 30-8 2 45 All i 
4 26°6 5 00 Not * 
5 30°8 5 00 ¥ “ 
6 33 2 3 5 00 ” ”? 
7 37°5 5 00 - " 
8 39-4 5 00 4 5c 
2 41-0 5 00 es a 
10 44-5 5 00 * a 
4 26 ; 6 5 00 ” ”» 
5 30°8 3 42 All Se 
4 26-6 5 00 Not a 
5 30°8 5 00 ag - 
6 P 3O : 3 5 00 ” ” 
Z 37-5 1 05 All if 
5:0 3 days 4 26-6 5 00 Not y 
5 30-8 0 35 All - 
4 26°6 4 56 . = 
4 26-6 4 30 - 3 
4 26 bd 6 5 00 ” ”? 
4 26°6 2 55 - Se 
4 26-6 5 00 Not me 
5 30 8 5 00 ” ” 
6 33-3 3 25 All - 
E.8 Crouch 11 0 173 hrs. 3 24-0 1 Q2 i - 
Deben 21 0 174 hrs. 3 24-0 5 00 Not be 
4 26-6 4 08 All pe 
ae 
Stour 12 0 17§ hrs. 3 24-0 5 G0 Not a 
4 26-6 1 602 All ~ 
Hamford 12 0 174 hrs. 3 24-+0 5 00 Not Ff 
4 26:6 5 00 < » 
5 30°8 0 55 All = 
Mersey 0 174 hrs. 3 24-0 0 355 ” ” 
S 524 
Mersey 0 17% hrs. 3 24-0 5 00 Not . 
4 2 20 All 


S 525 





26-6 
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TABLE 103—continued 




























































































Concentra- Soe L a Ge 
Experi- Mud tion of Time after ae 2 Speed Time of 
ment a unsettled | making up 7 ae (revs. per stirring Remarks. 
No. ere aa sewage suspension. Ere min.). (min. sec.) 
(per cent.). 0). 
E 8—contd. | Mersey 0 17% hrs. 3 24-0 P49 All eroded 
S) ey 
Mersey 0 174 hrs. 3 24-0 OeeO0 Not ” 
> 020 4 26-6 3 25 All . 
Mersey 0 174 hrs. 3 24-0 0 46 All ae 
51529 
sa | Severn 0 203 hrs. 3 24-0 5 00 Not c 
Estuary (Conen. of 4 26 °6 1 00 All fe 
suspended | mud 94-5 pts, ——————_—— 
matter per 100,000) 204 hrs. 3 24-0 25 20 All 
SM 1 —— 
0 204 hrs. 2 20-0 5 00 Not 3 
(Concn. of 3 24 “0 5 00 ” » 
mud 30-0 pts. 4 26-6 1 45 All y 
per 100,000) 
3 24-0 5 00 Not a 
4 26:6 3. 15 All Bs 
Severn 0 20% hrs. 3 24-0 5 00 Not , 
Estuary Comer Gt 4 26-6 5 00 » » 
suspended Le 158-6 5 30°8 5 00 Hee: 
matter pts. per 6 33°3 5 00 2 + 
S.M.2 100,000) 7 37°5 5 00 & ; 
8 39-4 5 00 + np 
9 41-0 ih Rs All we 
0 20% hrs. 3 24-0 5 00 Not Zz 
‘ 4 26:6 O00 x * 
er 5 30-8 oy cmalby wit ee 
per 100,000) 
4 26-6 5 00 Not a 
5 30°8 1 48 All . 
Bui Mersey 0 9 days 6 33:3 57.00 Not re 
S 530 7 37:5 By OL; np " 
8 39-4 5 00 i m3 
9 41-0 0 06 All e 
6 33°3 5 00 Not a 
i} 37°5 3 40 All 3 
6 33°3 Seo Not He 
7 37°5 > 00 AA ?, 
8 39 = 4 5 00 » ” 
9 41-0 5 00 se Ae 
10 44 ~ Fa 5 00 »” ” 
6 33-3 5 00 Not ae 
a 37°95 1 08 All - 
| 6 33-3 5 00 Not “3 
| 7 37°5 5 00 rd ” 
, 8 39-4 5 00 _ + 
, 9 41-0 2 53 All Be 
6 33°3 5 00 Not i 
7 - 37°5 I Us All es 
5-0 9 days 6 33-3 5 00 |Not ,, 
a 7/ | 5 5 00 ”? ” 
| 8 39-4 Zao All Fe 
6 33-3 5 00 Not ee 
7 37°5 5 00 SE » 
8 39 : 4 5 00 ” ” 
9 41-0 1 15 All x 
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TABLE 103—continued 




















Concentra- : 
Experi- tion of Time after speed of Speed Time of 
Mud i ee 7 tirrin Remarks. 
ment unsettled | making up (Speed (revs. per stirring 
No. sample. sewage | suspension. se ) min.). (min. sec.) 
(per cent.). i 
E 13— Mersey 5-0 9 days 6 33° 500 Not eroded 
contd. | S530 Zt 37°5 5 00 :, . 
8 39-4 5 00 be Re 
9 41-0 Zz On All 
6 33°3 5 00 Not x 
7 37:5 5 00 - Fs 
8 39-4 4 45 All _ 
6 33°3 5 00 Not ” 
iD 37°5 5 00 he - 
8 39-4 «0 eo) All is 
6 33-3 5 00 Not + 
i 37°5 5 00 PP © 
8 39-4 Diz2 All = 











TABLE 107—Weight of Material dredged by the Mersey Docks and Harbour Board 
during the Period 1890 to 1935 


(Data supplied by the Mersey Docks and Harbour Board) 






































































































































Weight of material dredged (tons). 
Dredging b Upper 
capacity Date when | Date when Estuary, 
Vessel. (tons per working was working was Bar and Brinecae 
load). begun. finished. Shoals Dock Total. 

(Liverpoo) Entrance 

Bay and other 

positions. 
“ Nowi<: i% 500 sep. 1890°) “seb. 1907 2,050,860 7,412,080 9,462,940 
aD Oar Oiae ds; 400 Apl. 1891 || Oct2—1919 2,220,550 9,139,390 | 11,359,940 
‘_ESTAUCKers Serax 2,900 Jly. 1893 | Nov. 1928 | 106,837,100 16,719,850 | 123,556,950 
| SG. Be Cro wa amar 3,000 Nov. 1895 | Dec. 1932 | 102,808,840 | 31,023,575 | 133,832,415 
“ Laga,;’ (hited)sx 650 Oct. F901 |" pan 902 625,600 13,000 638,600 
* Coronation: a2. 3,500 sep. 1903 — 40,882,390 | 68,874,155 | 109,756,545 
| “Sea Lion” (hired) 1,150 Oct. 1906.) .Aplosioon, Nil 356,250 356,250 
“No, J6i ze 800 Jims 1907 4 alive oe 6,751,880 8,641,590 | 15,393,470 
Bs, re -« (No hoppers:| Déc._ 19077" Sepaeiory Nil 1,040,386 1,040,386 
“eeviathat: 2 oe 10,000 Mar. 1909 — 179,512,400 2,404,600 | 181,917,000 
“ Prinses Juliana ”’ 800 Sep. 1912 | May 1913 Nil 540,550 540,550 

(hired) | . 
“Lord Desborough” 3,500 jan. 1915 | Jun. 1918 Purchased by Board 1923 and name ~ 
(hired) changed to ‘‘ Burbo.”’ Totals included in “‘ Burbo”’ 
figures. 

“Barbe: 3g 3,500 Mar. 1923 — 46,481,970 | 15,833,310 | 62;315,280 
“ Hilbre Island ”’ 3,500 Feb. 1933 — 13,167,950 1,401,820 | 14,569,770 
“ Moyle, a 3,500 Feb. 1935 _ 4,301,100 409,500 4,710,600 
Grand Totals .. | 505,640,640 | 163,810,056 | 669,450,696 
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TABLE 110—Average Yearly Rate of Dredging by the “ Leviathan”’ and “ Coronation ” 


Tons per Hour 


(Figures in brackets indicate number of loads per year) 
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TABLE 111—Average Yearly Rate of Dredging for all Positions in Liverpool Bay 





Tons per hour 




















Year. “ Leviathan.” | “ Coronation.” Year. 

1909 3,686 3,860 1923 
1910 B. 070 3,610 1924 
1911 3,793 3,430 1925 
1912 4,604 3,549 1926 
1913 | 4,170 2,899 1927 
1914 | 4,129 2,104 1928 
1915 2,798 1,493 1929 
1916 3,414 1,385 1930 
1917 3,468 1,528 1931 
1918 3,678 1,648 1932 
1919 3,640 1,428 1933 
1920 = 1,633 1934 
1921 = 1,945 1935 
1922 4,626 2,287 





4,535 
3,881 
2,969 
2,863 


2,984 
3,385 
3,487 
3,415 


4,543 


| “* Leviathan.’ 


‘“ Coronation.” 











TABLE 120—Example of Computation of the Capacity of the Upper Estuary between 
Sections 0 and 100 by adding the Volumes between Successive Horizontal Planes 





Year 1906. 


Below 0 ft 


(L.B.D.). | above L.B.D.| above L.B.D. 


0-10 ft. 





Sections 0-47 
Area (sq. in. on chart) 
Mean Level (ft. from L.B.D.) 
Wedge Capacity (cu. yds.) 
Prism Capacity (cu. yds.) 
Total Volume (cu. yds.) 
Accumulated Volume (cu. yds.) 





Sections 47-67A 
Area (sq. in. on chart) 
Mean Level (ft. from L.B.D.) 
Wedge Capacity (cu. yds.) 
Prism Capacity (cu. yds.) 
Total Volume (cu. yds.) 
Accumulated Volume (cu. yds.) 








Sections 67A-83 
Area (sq. in. on chart) 
‘| Mean Level (ft. from L.B.D.) 
Wedge Capacity (cu. yds.) 
Prism Capacity (cu. yds.) 
Total Volume (cu. yds.) 
Accumulated Volume (cu. yds.) 


Sections 83-100 
Area (sq. in. on chart) 
Mean Level (ft. from L.B.D.) 
Wedge Capacity (cu. yds.) 
Prism Capacity (cu. yds.) 
Total Volume (cu. yds.) 
Accumulated Volume (cu. yds.) 


Total accumulated capacity 
Capacity (cu. yds.) adjusted for 
difference between scales of 


1906 and 1931 charts 


Total volume between levels 
(cu. yds.) 





Adjusted total volume between 
levels (cu. yds.) 








157-97 18 
35°39 4 
160-3 3 
0 45 
160-3 48 
160-3 208 
142-16 142. 
L146 4 
47*9 22° 
0 40- 
47-9 63- 
47-9 tits 
18-54 119- 
3°98 6 
2°1 13- 

0 5 
2° 1S: 
rata | 20¢ 

0 6: 

0 8: 

0 OF 

0 0 

0 0: 

0 0: 
210-4 340 
211-0 342 
210-4 _ 130: 
211-0 131- 























20 ft. above 2 
10-20 ft. LBD. ts Area (sq. in. 
HW. on chart). 
-15 8:68 9-41 194-21 
- 29 15-38 23-49 
“0 1-1 2-0 
3 50:5 58-3 
3 51-6 60:3 
6 260°3 320°6 
20 59-54 14-04 357 +94 
-47 14-16 24-57 
5 10-0 2°8 
8 81:5 114-4 
3 91-5 ilyfesZ 
2 202-8 320-0 
70 209-32 162-00 509-56 
oT 15°15 24-62 
3 29-1 37:5 ; 
+3 39-6 126-6 
6 68-8 164-1 
7 89°5 253-6 ; 
52 50-96 27-06 84-54 
40) 15-91 25-92 
02 6:0 5:7 
1:9 21-9 
3 7:8 MAP 7 
3 8:1 35°8 
560°8 930-1 Total area 
for 1906 
562°5 932-9 1,146-25 
5 219-9 369°3 Total 
standard 
area for 1931 
0 220°5 370:4 1,150°79 
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